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Abstract 
The Palaeozoic North American continent of Laurentia had a margin to the Iapetus Ocean 
which evolved from a late Precambrian/Cambrian rift to a passive margin and a Mid/Late 
Palaeozoic orogenic belt. A number of sedimentary basins existed in the Laurentian continental 
interior, situated some distance from this margin. These intracratonic basins have proved 
controversial for a number of reasons ; they are typically circular to sub-circular in outcrop and 
isopach maps and have prolonged patterns of subsidence. This dissertation describes detailed 
subsidence analysis of 3 intracratonic basins (the Illinois, Michigan, and Hudson Bay basins) and 
describes a pilot study of a fourth , the Williston Basin. It also describes the subsidence history of 
the Iapetean margin . It offers new insights into the mechanisms driving their subsidence and the 
relationships between the interior basins and the cratonic margins. North America was chosen for 
the study of intracratonic basins, as it offers excellent datasets and detailed stratigraphy. However, 
such basins exist on many continents and understanding of other basins should follow from this 
North American work. 
In order to investigate subsidence histories, a large database of stratigraphic sections has been 
compiled from outcrop and oil exploration boreholes. A standard backstripping technique has been 
applied and the resulting subsidence profiles interpreted in the light of existing structural 
frameworks, incorporating information such as seismic, gravity and magnetic anomaly data. In 
areas where independent evidence suggests that basin initiation was caused by lithospheric 
extension, subsidence data have been inverted for strain rate and the amount of extension 
quantified. 
Along the cratonic margin, new basinal areas are identified, such as central Texas and 
Alabama/Tennessee. An inferred rift arm, the Tobosa Basin of west Texas, is shown to have been 
absent during Early Palaeozoic times. Extension is confirmed and quantified in the Mississippi 
Valley Graben and the Oklahoma Aulacogen rift arms, which extend into the continental interior. 
In both cases, ~-factors of up to 1.25 are recorded, with peak strain rates of up to 10- 15s- 1• The 
Illinois Basin formed by Cambrian rifting, wi th ~-factors of up to 1.26, whilst the Michigan Basin 
formed as a continuation of this same rift complex. The Michigan Basin has a number of later 
deviations from the predicted post-rift subsidence path and has circular facies belts. The latter are 
shown to result from peripheral uplifts rather than basin-centred subsidence and the later 
subsidence episodes are mostly causally linked to the Taconian and Acadian Orogenies on the 
Appalachian margin. The Hudson Bay Basin is demonstrated to have an extensional origin, with 
~-factors of up to 1.07 during both Late Ordovician/Early Silurian and Devonian rifting. The 
Williston Basin has a number of subsidence episodes, principally during the Ordovician and 
Devonian. The first has a possible rift origin and the second correlates with orogenic activity on 
the western margin of North America. 
This study concludes that lithospheric stretching initiated subsidence of the Illinois, Michigan 
and Hudson Bay Basins and that it is a plausible explanation for the early history of the Williston 
Basin. Close examination of basin geology suggests that there is sufficient normal faulting to 
match the extension estimates predicted from subsidence analysis. Later subs idence events that 
causes deviations from the predicted post-rift subsidence path are mostly related to craton margin 
tectonism. Most existing models for intracratonic basin formation , such as metamorphic phase 
changes and intraplate stresses are rejected in favour of the lithospheric extension model. 
The circular shape of interior basins is shown to be of less importance than the mechanism 
driving basin subsidence. In all three cases considered in detail, the circular shape is acquired as a 
result of external influences; either peripheral tectonic uplifts or convective mantle downwelling. 
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Chapter 1: Introduction 
1.1 The intracratonic basin problem 
Our understanding of sedimentary basins has improved considerably over the last 
few decades. This is largely a result of improvements in technologies such as seismic 
profiling, which have vastly improved our ability to observe basins in the sub-surface. We 
now understand in great detail the processes that lead to the formation of basins in a 
number of tectonic settings, such as passive margins, continental rifts and orogenic 
foredeeps. However there is one 'class' of basins which remains controversial. These 
basins, termed intracratonic basins, are situated far from continental margins and are 
typically circular or oval depressions, associated with little apparent faulting or 
deformation. Many such basins occur around the globe, but this study will focus on four 
Palaeozoic examples from the interior of North America; the Illinois, Michigan, Hudson 
Bay and Williston Basins (Figure 1.1). The geometrical simplicity of these basins has 
attracted a great deal of interest but no general agreement has arisen concerning their 
origin. As Bally (1988) remarked in his review of the Phanerozoic history of North 
America, "the deceptively simple cratonic saucers of our continent remain unexplained". 
It is the intention of this dissertation to explain these 'saucers'. 
1.2 Definition of an intracratonic basin 
Before defining the term intracratonic basin, it is necessary to consider the meaning of 
craton. A simple definition may be "a part of the continental lithosphere that has attained 
stability and has experienced no orogenic activity for a long period of time". In keeping 
with this definition , the cratonic limits should be placed at the shelf breaks of passive 
margins or the frontal thrusts of peripheral orogens. Therefore, for the Palaeozoic of North 
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B Phanerozoicorogens Contour Interval = I km 
Figure 1.1: Thickness of Phanerozoic strata on the North American craton, showing the location of the 
principal sedimentary basins (modified from Sanford et al., 1985). For basement depths greater than 4 km, 
only an 8 km contour is iridicated. Abbreviations: AB = Appalachian Basin ; BW = Black Warrior Basin; 
FB = Foxe Basin; HB = Hudson Bay Basin; 1B = Illinois Basin; MB = Michigan Basin ; MRB = Moose River 
Basin ; OA = Oklahoma Aulocogen; PB = Perrnian Basin; UB = Ungava Basin; WB = Williston Basin; 
WCB = West Canada Basin. 
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America, the Ouachita-Appalachian and Sevier orogenic belts define the cratonic limits, 
within which lie the intracratonic basins. 
In their Global Basin Classification System, Kingston et al. (1983) describe interior 
basins as " .. . basins found in the interior of continental masses, not at the plate margin ... 
[They J are normally more or less circular or oval in shape and generally do not 
accumulate as great a thickness of sediments as continental margin basins. They are 
formed by simple sagging of the crust ... ". A simpler definition for intracratonic basins 
might be 'elliptical basins situated on cratons' . This definition, with no genetic 
implications, is taken in this study. The term interior basin is also used and is intended to 
be synonymous with intracratonic basin. 
1.3 Intracratonic basin formation models 
Intracratonic basins have attracted the attention of many basin modellers as their 
circular geometries imply an simple mechanism of formation. A brief description of 
existing intracratonic basin models is presented here. These models have been divided 
into four principal classes: lithospheric, convective, phase change and intrapJate stress 
mechanisms. 
1.3.1 . Lithospheric models 
Lithospheric models invoke perturbations of the thermal structure of the lithosphere 
which gives rise to subsidence of the Earth's surface. This class of model can be further 
divided into heating mechanisms and lithospheric extension models. 
Sleep ( 1971) was the first to seriously consider the problem of subsidence in the 
circular intracratonic basins, proposing that the Michigan Basin was formed by an episode 
of lithospheric heating at a point under the basin. This heating leads to expansion and 
3 
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doming of the lithosphere. The uplifted area would be subjected to erosion and hence, 
following removal of the heat source and subsequent cooling, net concentric subsidence 
would be achieved (Figure 1.2). 
Thermal Uplift 
i 
., ~ 
g ' :g Heat On 
"' 
.g 
CZl 
~ 
l 
Thermal Subsidence 
Figure 1.2: Schematic illustration of thermally controlled uplift and subsidence. Net subsidence is only 
achieved if erosion accompanies uplift. (After Quinlan, 1987). 
This mechanism can be tested as it predicts large unconformities beneath the 
stratigraphic fill of the basin and presumably the presence of abundant volcanic rocks. 
There are indeed major unconformities under all the intracratonic basins of North 
America (e.g. Crowley et al., 1985), but for this mechanism to explain prolonged 
subsidence (e.g. over 200 Ma in the Michigan Basin), multiple episodes of heating are 
required. Sleep et al. (1980) expanded on this earlier work, fitting theoretical exponential 
decay curves to observed subsidence data. They recognised, however, that there is no 
evidence to support major thermal events within the Michigan Basin prior to periods of 
rapid subsidence. Ahern & Mrkvicka (1984) and Ahern & Ditmars (1985) modelled the 
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evolution of the circular shape of the Williston Basin and proposed that subsidence was 
driven by cooling subsequent to a lithospheric heating event. This cooling led to a 
thickening of the elastic part of the lithosphere and an increase in flexural rigidity, 
resulting in a broadening of the basin through time. 
In contrast, the lithospheric extension model of McKenzie (1978) predicts two-stage 
subsidence histories. Initial stretching leads to surface subsidence and thinning of the 
lithosphere by normal faulting in the brittle upper crust, plastic flow in the lower crust and 
lithospheric mantle and elevation of the basal geotherm. After rifting, re-
equilibration of the thermal structure of the lithosphere leads to a second, exponentially 
decaying, phase of subsidence. The lithospheric extension model has been successful in 
explaining the subsidence of a number of continental basins (e.g. the North Sea Basin, 
Barton & Wood, 1984). As the subsidence from each basin studied in this dissertation is 
tested against this model, a complete description is given in Chapter 2. 
Heidlauf et al. (1986) concluded that lithospheric extension drove the Cambrian to 
Mississippian subsidence of the Illinois Basin after comparing subsidence in three wells to 
. that predicted by McKenzie (1978). Catacosinos et al. (1991) considered that the 
Michigan Basin may have been formed by lithospheric extension, with an early rift phase 
represented by the underlying 1100 Ma rift (the Keweenawan Rift) and the Palaeozoic 
basin subsequently forming by post-rift subsidence. This hypothesis is flawed, however, 
in that the -550 Ma time interval between the end of Keweenawan rifting and the 
deposition of Cambrian rocks is inconsistent with the -60 Ma thermal decay time of the 
lithosphere (Parsons & Sclater, 1977). 
A qualitative variation on the lithospheric extension model was suggested by Klein 
& Hsui (l 987) and Klei n (1995), who noted the presence of rifts under a number of 
intracratonic basins and synchronicity of timing of rift initiation. These authors proposed 
5 
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that prior to supercontinent breakup, anorogenic granites were emplaced in continental 
lithosphere. These intrusions weakened the lithosphere and permitted rifting and breakup 
to occur. These rifts were assumed to be precursors to intracratonic basins. To test this 
model, it is necessary to ascertain whether basin formation was synchronous. 
J.3.2 Convective models 
Sub-lithospheric models assume some involvement of the asthenosphere in the 
development of intracratonic basins. An example is provided by Middleton (1989), who 
concluded that the circular shape and apparent lack of basement faulting in the Palaeozoic 
Canning Basin of Australia resulted from convective downwelling of the asthenosphere 
beneath the basin (Figure 1.3). A depression in the order of 600 m was predicted to be 
formed at surface, which, with sediment loading, would amplify to 2.5 km. This model 
has the advantage that it explains basin-centred patterns of subsidence and the apparent 
lack of faulting and volcanics in many intracratonic basins. Peltier et al. (1992) suggested 
that mantle convection may have been responsible for the formation of the four large 
intracratonic basins of North America. 
A number of problems arise when convective downwelling as a subsidence mechanism 
for intracratonic basin subsidence. Firstly, prolonged subsidence in an intracratonic basin 
would require stasis of the continental lithosphere over the locus of convective 
downwelling for periods of geological time. Convective downwelling would also lead to 
development of a negative thermal anomaly at the· base of the lithosphere owing to 
depression of the geotherm. With removal of convective downwelling under the basin, 
thermal (and isostatic) re-equilibration would result in surface uplift and basin 
exhumation. Thus, permanent net subsidence would be unlikely. Since the North 
American intracratonic basins subsided over several hundred million years and currently 
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contain between 2 and 6 km of largely undeformed sedimentary rocks ( -300 Ma after 
sedimentation ceased), mantle convection is unlikely to have been the cause of their 
existence. In Chapter 7, however, the possibility that convective downwelling is 
responsible for the formation of the Hudson Bay Basin is discussed. 
INITIAL 
DEPRESSION ~Basin 
+ + + + + + + ~ : "'''"'<'"Yi%!"lF.,ilii"¥"" + + + + + + + 
+ + + + + + + + + + + + + + + + + + + + 
+ + + + + + + + + + + + + + + Lithosphere + 
+ + + + + + + + + + + + + + + + + 
+ + + + + + + + + + + + + + + + + + + + 
+ + + + + + + + + + + + + + + + + + + + 
+ + + + + + + + + + + + + ± + + + + + + 
---- ----
Asthenosphere 
+ m;u:T + + + + ~~pl:fte:ero+ded+bas:n + 
+ + + + + + + + + + + + + + + + + + + + 
+ + + + + + + + + + + + + + + + + + + + 
+ + + + + + + + + + + + + + + Lithosphere t- + 
+ + + + + + + + + + + + + + + " + 
+ + + + + + + + + + + + + + + + + + + + 
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Asthenosphere 
Figure 1.3: Schematic evolution of a basin formed by convective mantle downwelling. (Modified from 
Middleton, 1989). 
1.3.3 Phase change mechanisms. 
Metamorphic phase transitions of various kinds have been cited as a possible 
mechanism for subsidence in intracratonic basins. These models rely upon a change from 
a less to more dense phase, thus generating a point load within the lithosphere. This point 
load causes subsidence if isostatic equilibrium is maintained, and so sedimentary basin 
forms. 
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Middleton (1980) proposed a transition from greenschist to amphibolite as a 
subsidence-driving mechanism. This transition would be initiated by a thermal event prior 
to basin subsidence but assumes that the lower crust is only of greenschist grade prior to 
heating. This assumption is questionable given that the continental crust under all four of 
the North American intracratonic basins has seen a complex structural and thermal history 
(Quinlan, 1987). 
An alternative model, converting metastable gabbro into eclogite, was suggested by 
Haxby et al. (1976) and was invoked to explain the Michigan Basin. They suggested that 
diapirs of asthenospheric melt penetrated the lithosphere and, on reaching the lower crust, 
drove this phase transition. Haxby et al. (1976) modelled the gravity across the Michigan 
Basin and concluded that a disc load is present with a radius of 120 km at a depth of 35 
km. They proposed that this load is a product of the gabbro to eclogite phase transition. 
Haxby et al. (1976) recognised, however, that there is little evidence for extensive 
lithospheric heating (e.g. extensive volcanic rocks) in the Early Ordovician (the apparent 
time of initiation of circular isopachs within the basin). It is also problematic that the 
gravity anomaly in the Michigan Basin does not overlie the principal depocentre. 
A similar model was proposed for the Williston Basin by Fowler & Nisbet (1985). 
Having taken eustatic sea-level variation into account, they concluded that the pre-
Cretaceous subsidence of the basin was actually linear rather than episodic. Continuous 
subsidence was thought to result from the steady transformation gabbro to eclogite. 
Fowler & Nisbet (1985) considered that the gabbros cduld have been emplaced as early as 
1,800 Ma (during the Middle Proterozoic Trans-Hudson Orogeny). Hamdani et al. (1994) 
built on the work of Fowler & Nisbet (1985), proposing that subsidence of the Williston 
Basin initiated during continental break-up by the thermal effects of a small mantle 
plume. This plume drove uplift and erosion , which was followed by cooling, contraction 
8 
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and subsidence. The thermal event also activated a phase change from gabbro to eclogite. 
The combined effects of these two subsidence mechanisms was found to approximate 
backstripped subsidence data from the basin, once eustatic and sediment loading 
considerations were taken into account. 
Crowley et al. (1985) examined apatite fission tracks and concluded that 
approximately 3 km of denudation occurred in the Williston Basin prior to the onset of 
subsidence in the Cambrian, supporting the model of Hamdani et al. (1994). Naimark & 
Ismael-Zadeh (1995) modelled the subsidence of the Illinois, Michigan and Williston 
Basins, allowing a mass excess generated by the eclogite to gabbro models of Haxby et al. 
(1976) and Fowler & Nisbet (1995) to approach isostatic equilibrium. They found that the 
subsidence in each case was exponential in form and fitted backstripped data from each 
basin. 
There is some crustal evidence in support of phase change hypotheses. For example 
the high predicted P-wave velocities for eclogites (>8 kms- 1) have been recognised 
beneath the Williston and Illinois Basins (see review in Quinlan, 1987). This model is 
. difficult to test, however, as even determination of the presence of large sub-surface 
bodies with high velocity phases does not reveal the age of the rocks involved. 
1.3.4 · -lntraplate stress mechanisms. 
Compressive stresses generated during collisional episodes at cratonic margins are 
probably transmitted into continental interiors. The existence of such stresses form the 
basis for a number of proposed intracratonic basin subsidence mechanisms. 
An intraplate stress mechanism was proposed by De Rito et al. (1983) who 
suggested that magmatic intrusives emplaced during rifting would form an isostatically 
uncompensated load. This mass excess would be flexurally supported by the lithosphere 
9 
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with a visco-elastic rheology. If, however, a compressive stress is applied during an 
episode of collision at the craton margin, the flexural strength of the lithosphere will be 
reduced. This reduction in lithospheric strength will allow the uncompensated load to 
subside towards an equilibrium position, and hence a circular basin will form at the 
surface. With the removal of intraplate stresses, net permanent subsidence will have been 
achieved. Furthermore, repeated episodes of high intraplate stresses (-1 x 108 Pa)will 
allow periodic rapid subsidence within the basin (a commonly observed phenomena) until 
the load has achieved an equilibrium situation. De Rito et al. (1983) considered that the 
Michigan Basin mass excess was provided by volcanic rocks within the Keweenawan 
Rift, which are associated with a positive gravity anomaly (e.g. Hutchinson et al., 1990). 
It is problematic, however, that the anomaly is an elongate and not a circular feature 
which lies some 50 km from the principal Palaeozoic depocentres. Moreover, the 
Keweenawan Rift system is much older than the oldest rocks belonging to the Michigan 
Basin and is associated with large gravity anomalies elsewhere in the midcontinent of the 
United States, with no overlying Palaeozoic basins. lntraplate stress mechanisms have 
also been favoured by Lambeck (1983), to explain the linear interior basins and high 
Bouguer gravity anomalies of central Australia, and by Cloetingh and Kooi (1992) to 
explain the Tertiary subsidence of the North Sea. 
Howell & van der Pluijm (1990) and Howell (1993) proposed a variation on the 
intraplate stress model for the Michigan Basin. They suggested that a lower crustal low 
viscosity layer could act as a so-called "crustal asthenosphere", decoupled from the rigid 
mechanical behaviour of the upper crust and upper mantle (Figure 1.4). This change in 
rheological behaviour was suggested to accompany increasing intraplate stresses. An 
isostatically uncompensated load is required, and the Keweenawan rift is again proposed 
as a candidate. Howell & van der Pluijm (1990) related the timing of episodes of rapid 
10 
t CHAPTER l: INTRODUCTION 
subsidence to the timing of collisional activity at the Appalachian margin. The appeal of 
this model is that it relates intracratonic basin subsidence to the tectonic evolution of the 
craton margins. 
A. Excess mass flexurally supported. No tectonic subsidence 
B. Intraplate stress applied as a result of orogenic activity. 
Excess mass unsupported. Basin-centred subsidence. 
Figure 1.4: A model for intraplate stress driven subsidence in intracratonic basins. (after Howell, 1993). 
1.3.5 Other mechanisms 
Other models have been proposed to explain isolated intervals of subsidence within 
intracratonic basins (Quinlan & Beaumont, 1984; Coakley et al., 1994; Coakley & Gurnis, 
1995). These mechanisms consider the effect of orogenic activity on an intracratonic basin 
and assume that the basin itself pre-dates the particular orogeoic episode. Since these 
mechanisms are not models · for intracratonic basin formation per se and concern 
themselves exclusively with the Michigan Basin, they are discussed in Chapter 6. 
11 
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1.4 A new approach 
Many of the existing models for intracratonic basin formation described above are 
based on a small number of geophysical and stratigraphic observations. In order to address 
this situation, the present study attempts to compile a more complete profile of subsidence 
in North America's intracratonic basins. A systematic approach is taken throughout, using 
as much stratigraphic data as possible. The resulting backstripped subsidence curves are 
interpreted in terms of the stratigraphic and structural history of the basin, in order to 
extract information on, for example, the timing of important subsidence episodes. It is 
useful to compare the subsidence plots with theoretical curves from a widely accepted 
model of subsidence mechanisms. Considerable use is therefore made of the uniform 
lithospheric extension model (McKenzie, 1978). Justification for applying the model is 
sought in each of the results chapters. 
1.5 Dissertation structure 
Chapter 2 summarises the subsidence techniques used and. considers the errors 
inherent in applying such techniques to the Palaeozoic sequences of North America. In 
order that the subsidence of intracratonic basins can be considered in the context of the 
overall evolution of the craton, a consideration of the subsidence history of portions of the 
cratonic margins is worthwhile. To this end, detailed subsidence analysis from basins 
along the Ouachita and Appalachian orogens are described in Chapters 3 and 4 . 
Examination of the subsidence history of these margins al so allows some regional 
geological problems, such as margin geometry, to be addressed. Having established the 
subsidence history of the continental edge, the basins of the interior are then addressed. 
Attention is devoted in turn to the Illinois, Michigan and Hudson Bay Basins (Chapters 5, 
6 and 7 respectively) . Chapter 8 reports the results of a pilot study of Williston Basin 
12 
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subsidence. A discussion of the significance of this study for our understanding of 
intracratonic basins as a whole is given in Chapter 9, along with suggestions for further 
work. The stratigraphic data used are listed in Appendix 1. 
The data and extensional strain rate files are also included on a floppy disk in the 
inside back cover, along with two non-related works published during the tenure of my 
studentship. A political map of North America displays the states and Great Lakes 
referred to in the text (Figure 1.5). A number of regional scale maps have been compiled 
and, in order that they may be referenced throughout the dissertation, are given as A3 pull-
outs. These comprise a free air gravity map of the North America (Figure 1.6) and 
geological and structural summary maps of the eastern interior of the United States 
(Figures 1.7 and 1.8 respectively). 
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Figure 1.5: Map of the United States and southern Canada, showing the main political boundaries referred to 
in this study. Great Lakes are as follows: (1) Superior; (2) Michigan ; (3) Huron; (4) Erie; (5) Ontario. 
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2.1 Introduction 
This chapter is concerned wHh the techniques and models used to investigate the 
subsidence of basins in North America. The techniques described are widely used and 
detailed accounts have already been published and so only a brief discussion is given 
here. More attention is devoted to the important issue of errors together with the 
assumption underlying the models. 
2.2 Data 
The primary data used in this study are accurately measured and dated stratigraphic 
sections. Ideally, these sections have detailed lithological information to facilitate 
decompaction calculations, together with palaeontological and sedimentological 
constraints on palaeo-bathymetry. With the exception of 7 sections, the vast majority of 
data used come from boreholes drilled by the oil exploration industry. 
A database of stratigraphic sections has been compiled. The primary sources of data 
include Petroleum Information Corporation (Denver, Colorado), open files of the Illinois, 
Kentucky, Indiana, Ohio and Pennsylvania State Geological Surveys, the confidential 
vaults of Energy Development Corporation, Houston, (EDC) and various publications. 
The most important of the latter include Barnes et al. (1959), Gatewood (1976), Leighton 
et al. (1991), Howell (1993), Broome (1995) and various volumes of the North Dakota 
Geological Survey Circular. 492 stratigraphic sections are included in this study, 
compiled from a database of approximately 1,100 sections. The principle selection 
criteria was having a near complete stratigraphic sequence ( often only 2 or 3 stratigraphic 
tops are reported). Appendix 1 contains all the data used in this study. 
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2.3 The lithosphere 
The lithosphere is the outer part of the earth which includes the crust and upper 
mantle. The lithosphere is mechanically strong with respect to the hotter, underlying, 
asthenosphere. The lithosphere can be defined on the basis of its thermal structure ( other 
definitions based on seismic or chemical structure may also be used). A simple plate 
model describing the structure of the lithosphere, such as that of Parsons & Sclater 
(1977), assumes that heat transfer is purely conductive within the lithosphere which 
overlies a convective, and therefore adiabatic, asthenosphere. 
More realistic definitions of the lithosphere and asthenosphere are those of Parsons 
& McKenzie (1978) and Richter & McKenzie (1984), which allow for a smooth 
transition between the convective and conductive thermal regimes. At higher levels 
within the lithosphere, heat is transferred towards the surface by conduction and the 
geotherm is linear (Figure 2.1 ). This layer is called the mechanical boundary layer (MBL) 
and extends from the surface to approximately 100 km. The thermal boundary layer 
(TBL) lies below the MBL and is characterised by a downwards transition from heat loss 
by conduction to heat loss by convection. As the lower part of the lithosphere 
incorporates part of the TBL, there is a minor component of convection in the lower 
lithosphere. The base of the lithosphere is the point at which convection becomes 
dominant over conductive heat transfer. It is not clear whether there is continuous or 
episodic overturn within the TBL. Short term chemical or isotopic heterogeneities may 
develop within the TBL, causing i(. to be distinct from the asthenosphere. 
Estimates of the thickness and basal temperature of the lithosphere lie between 125 
km I 1333°C and 95 km / 1450°C (Parsons & Sclater, 1977 and Stein & Stein, 1992 
respectively). These values were derived from studies of the heat flow and bathymetry of 
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oceanic lithosphere. The simple assumption is made that the thickness of the lithosphere 
under continents is comparable to that of old oceanic lithosphere (> 70 Ma). 
0 
100 
,...._ 
] 
'--' 
;S 
0. 
Q) 
Q 
200 
300 
400 
Mechanical 
Boundary Layer 
Thermal 
Boundary Layer 
Temperature (0 C) 
800 
Adiabatic Interior 
1200 
I 
I 
I 
1600 
t"" 
.... 
.... 
=-0 
"' "Cl 
=-~ 
'"I 
1\ 
..., . 
'Cl 
II 
..... 
N 
00 
0 
0 (") 
Figure 2.1: Horizontally averaged temperature for an asthenospheric potential temperature of 1280°C, a 
mechanical boundary layer thickness of 100 km and a viscosity of 2xl017 m2f 1. The base of the lithosphere 
is taken at the point of intersection of the extrapolated linear conductive and convective geotherms 
(redrawn from McKenzie & Bickle, 1988). 
The models described below make the simplifyi~g assumption that there is a linear 
geotherm through the lithosphere and that the underlying asthenosphere is adiabatic, 
following the plate model of Parsons and Sclater (1977). In this study, a Lithospheric 
thickness of 100 km has been taken, with a basal temperature of 1333°C (Table 2:1). 
These values were taken as they gave a best fit to subsidence data from the eastern 
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interior of the United States. The effect of using a range of lithospheric thicknesses is 
discussed below (Section 2.6.2). 
2.4 Backstripping to produce water-loaded subsidence curves 
The isolation of tectonic subsidence by compensating for the effects of compaction 
and differential sediment loading (i.e. backstripping) is a fundamental technique in 
modern basin analysis (Watts & Ryan, 1976; Steckler & Watts, 1978). Backstripped 
curves allow the comparison of subsidence between different areas and elucidation of its 
tectonic driving mechanism. 
Backstripping replaces a heterogeneous sediment load with a uniform one (usually 
water). The method decompacts each stratigraphic unit in turn, restoring it to its original 
thickness at the time of deposition. The sediment load is then converted to a water load 
and the depth of water within which the sediment was deposited is added. The 
backstripping process requires the following information: the depths and ages of 
individual formations; the porosity-depth variation of the constituent lithologies; 
palaeobathymetries; eustatic sea-level variation; and the response of the lithosphere to 
loading (i.e. its flexural rigidity). This study makes the simplifying assumptions that there 
is no global sea-level variation and that the lithosphere has no flexural rigidity. This latter 
simplification represents Airy isostatic compensation and an elastic thickness 'te of O km. 
The implications of these assumptions are considered in Section 2.6. A brief summary of 
the backstripping technique is given here. 
2.4.1 Decompaction 
The first step in the backstripping process is the elimination of the effects of 
compaction on each layer, to calculate the thickness of the original sedimentary column. 
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This method removes successive layers and allows the underlying sedimentary rocks to 
decompact. A porosity-depth function is taken which controls the compaction of the 
sediments and, hence, the theoretical decompaction. The porosity, <p, of a sediment layer 
is taken to vary exponentially with depth of burial as: 
<p = <poexp(~z) [Equation 2.1] 
(Steckler & Watts, 1978; Sclater & Christie, 1980; Schmoker & Halley, 1982). cp0 
is the original porosity, z the depth of burial and 'A the decay length constant of 
decompaction which is controlled by lithology. The values for cp0 and "A were taken from 
a British Petroleum internal data source book. The lithology of each formation is 
determined as a percentage by composition of one of the following: sand, shale, 
limestone, dolomite, anhydrite, salt and basalt. The values used are shown in Table 2.1. 
Lithology Psg (kg m-3) <!>o A (km) 
Shale 2700 0.6 2.0 
Limestone 2700 0.5 1.9 
Dolomite 2860 0.3 4.6 
Sandstone 2650 0.5 2.5 
Basalt 3000 0.1 2.5 
Anhydrite 2960 0.4 0.5 
Salt 2160 0.2 0.75 
Table 2.1: Values of parameters used for decompaction of sediments during backstripping, taken 
from Sclater & C_hristie (1980) and Schmoker & Halley (1982). Psg is the sediment grain density; <po is the 
initial porosity and A is the compaction decay length. 
As each layer is removed, the underlying units decompact according to the 
porosities of the lithologies present. Each layer will progressively be brought to the 
surface and the depth to the base of the basal layer will be the depth to basement at the 
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time of deposition of the top layer. Thus, as each layer is removed, the subsidence path of 
basement through time is obtained. 
2.4.2 Replacing sediment with a water load 
Determination of tectonic subsidence from sediment-loaded subsidence requires the 
replacement of each successive layer of sedimentary rock with a water load. First, the net 
sediment density, Ps, of each layer is calculated for each layer: 
Ps = <1>Pw + ( 1-<P)Psg [Equation 2.2] 
where <j> and Ps are the average porosity and sediment grain density respectively of 
each layer and Pw is the density of water. Ps is then used to calculate the average sediment 
density of the whole column, ps: 
[Equation 2.3] 
where the subscript i denotes average properties for the ith layer, n is the number of 
layers at each particular time, z; is the individual layer thickness and S.,· is the total 
thickness of the column corrected for compaction. Hence, the total sediment load through 
time can be calculated. The effect of this sediment loading is then removed by replacing 
it with a water load, through Airy isostatic balancing. With corrections made for 
palaeobathymetry and eustatic sea-level , the water-loaded subsidence is given by: 
Sw=Ss[pm-ps]-SL[ pm ]+Wd pm-pw pm-pw [Equation 2.4] 
where Sw is the depth to basement when the basin is filled with water, Ss is the 
depth to basement when the basin is fi lled with sediment, Pm is the density of the 
lithospheric mantle, SL is the sea level above the present day level and W d is the water 
depth at the time of burial. Values for the parameters used are given in Table 2.2. A 
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typical subsidence curve is shown in Figure 2.2, illustrating uncorrected, decompacted 
and water-loaded subsidence. The latter is used for modelling and will be the only data 
shown in most subsequent subsidence profiles in this study. 
Symbol Parameter Value 
a Lithospheric thickness 100 
tc Pre-rift crustal thickness 30 
Pw Sea water density 1000 
Pc Crustal density (at 0°C) 2800 
Pm Mantle density (at 0°C) 3333 
Pa Asthenospheric density (at 1333°C) 3200 
T1 Asthenosphere temperature 1333 
a Thermal expansion coefficient of the matrix 3.28 X 10-5 
K Thermal diffusivity of the mantle 8 X 10-7 
't Decay time for lithosphere 62.8 
Table 2.2: Values assigned to parameters used in backstripping and subsidence modelling. 
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Figure 2.2: Typical subsidence curve, ilJustrati ng the different subsidence paths revealed as subsequent 
corrections are applied to stratigraphic data. Data from the Black Warrior Basin , Alabama (Chapter 3). 
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2.5 Modelling of subsidence data 
The history of a number of basins is investigated in this study, utilising subsidence 
analysis as the principal tool. The resulting water-loaded subsidence curves are 
interpreted in terms of the stratigraphic . and structural history of the basin in order to 
extract information on, for example, the timing of important subsidence episodes. It is 
useful, however, to compare the subsidence plots with theoretical curves from a widely 
accepted model of subsidence mechanisms. 
In this dissertation, considerable use is made of the uniform lithospheric extension 
model, adapted for finite-duration rifting (McKenzie, 1978; Jarvis & McKenzie, 1980). 
In regions such as the Palaeozoic passive margin basin of the southern United States 
(Chapter 3), the applicability of the lithospheric extension model is not contentious; in 
other areas it is more controversial (e.g. the Michigan intracratonic basin; Chapter 6). 
Justification for applying the model is therefore sought in each of the results chapters. A 
brief description of the model is given below, before a discussion of the techniques used 
in fitting theoretically derived curves to actual subsidence data. 
2.5.J The uniform lithospheric extension model 
In the uniform lithospheric extension model of McKenzie (1978), extension 
induces brittle failure in the upper crust and plastic flow in the lower crust and 
lithospheric mantle. Extension occurs uniformly at all depths within the lithosphere 
(Figure 2.3). The original simplifying assumption of instantaneous rifting is not required 
by the model by a refinement of the model for finite duration rifting (Jarvis & McKenzie, 
1980). Stretching and thinning of the lithosphere occurs, permitting passive upwelling of 
asthenospheric mantle and brittle fracture in the upper crust. The amount of stretching, p, 
is the ratio of the original crustal thickness to the final crustal thickness. The extensional 
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strain rate, G(t), is assumed to be constant through the rift period. The standard 
expression for theoretical water-loaded subsidence is: 
where: 
and: 
S(t)=A(l- )'/3)-BQ(t) 
A= tc(pm-pc)/ (pa-pw) 
B = ap,,, / (pa - pw) 
a 
Q(t) = f [T(z,t)-T(z,oo)]dz 
0 
[Equation 2.5] 
T(z, t) is the temperature of the lithosphere as a function of depth and time, T(z, oo) 
1s the equilibrium temperature structure of the lithosphere and a is the lithospheric 
thickness. Q(t) is a measure of the difference between the perturbed and equilibrium 
temperature structure and A and B are crustal thinning and lithospheric mantle thinning 
factors respectively, both of which are set as constants at 7.27 km and 4.97x 10·5 °C 1 
respectively (White 1993). 
Extensional thinning of the lithosphere results in perturbation of the basal 
geotherm, and thus the passive upwelling of asthenospheric mantle. After extension, the 
geotherm will return to equilibrium. In order for isostatic equilibrium to be maintained, 
cooling of the lithosphere must be accompanied by further subsidence at the surface. 
During finite-duration rifting, a component of thermal subsidence accompanies syn-rift 
subsidence. However, during the post-rift phase, subsidence is entirely driven by the 
cooling curve of the lithosphere and is exponential in form. 
The uniform lithospheric extension model predicts a two-phase pattern of 
subsidence. During the syn-rift phase, subsidence is controlled by faulting and is 
essentially linear provided that G(t) is constant. Subsidence during the subsequent post-
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(Redrawn from McKenzie, 1978). 
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rift phase is controlled by P alone. The characteristic geometry of a tectonic subsidence 
curve as a result of the uniform lithospheric extension model is shown in Figure 2.4. 
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Figure 2.4: Theoretical water-loaded subsidence curves generated using the lithospheric extension model 
and a range of lithospheric parameters. The duration of rifting, Llt, is 30 Ma and ~ = 1.40. All other 
parameters as in Table 2.2. 
2.5.2 
2.5.2.1 
Fitting theoretical model to subsidence data 
Forward Modelling 
Modelling of extension can be conducted in either a forward or inverse fashion. 
Forward modelling is the method generally applied by workers investigating subsidence 
of modern and ancient extension (e.g. Heidlauf et al., 1986; Wooler et al., 1992). This 
involves calculating theoretical subsidence curves generated from the lithospheric 
extension model The forward model usually assumes that the duration of stretching is 
known a priori and that G(t) is constant. A range of theoretical subsidence curves are 
generated as a function of ~- The best fit curve is fitted to the observed subsidence data to 
determine p, which is related to G(t) by: 
/;f 
p = exp(J G(t)dt) [Equation 2.6] 
0 
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Curve fitting is done by eye, generally by placing upper and lower bounding ~ 
curves onto the subsidence data, thereby defining a range of possible ~ factors (e.g. 
Figure 2.5). This method has been successfully applied globally to both in situ basins 
(e.g. Barton & Wood, 1984; White et al.? 1992) and exhumed basins (e.g. Wooler et al., 
1992; Trowell, 1995; Butler et al., in press). 
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Figure 2.5: Theoretical subsidence curves generated using the forward model, fitted to the k_6 l well of the 
southern Illinois Basin (Chapter 5). The curves are fitted by eye and a best fitting range of ~ chosen. Model 
parameters as in Table 2.2. 
2.5.2.2 Inverse Modelling 
The discussion of the uniform lithospheric extension model so far has assumed that 
G(t) remains constant through the episode of rifting and is zero at all other times. This 
assumption predicts that subsidence is linear during rifting, as constant stain rate through 
time causes uniform thjnning of the lithosphere through time. 
White (1993; 1994) showed that, where sampling and dating are of sufficient resolution, 
subsidence profiles exhibit a non-linear character during the syn-rift phase, presumably as 
a result of syn-rift variations in strain rate. White (1993; 1994) used an inverse algorithm 
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to extract information on syn-rift variations m strain rate. Rearranging Equations 2.5 c.,..J 'Z. ·b 
gives: 
G(t)= :t {In(A-S(t:-BQ(t))} [Equation 2.7] 
This equation can be solved iteratively to yield G(t) by initially ignoring the 
variation of density with temperature (i.e. BQ(t) = 0). At each iterations, G(t) is 
calculated by standard finite-difference techniques, until a best fit subsidence is derived. 
p is obtained from the integral of the strain rate history generated (Equation 2.6). A 
typical starting strain rate distribution and final strain rate distribution fitted to subsidence 
data is shown in Figure 2.6. 
Where sedimentary basins have formed by a single episode of rifting, inversion of 
subsidence will result in a strain rate profile similar to that of Figure 2.6b, in which a 
single episode of extensional strain rate is followed by thermal subsidence, when strain 
rate falls back towards zero. 
The strain rate inversion method can be used selectively to test the stretching model 
as a possible basin forming mechanism. In all cases, independent evidence for inferred 
rift episodes must be sought. In those areas where regional geology indicates a basin-
forming mechanism other than extension, strain rate inversion has not been attempted 
(e.g. Figure 2.7). 
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to extract information on syn-rift variations m strain rate. Rearranging Equations 2.5 c, ,... Z. '=» 
gives: 
d { ( A )} G t =- Jn () dt A-S(t)-BQ(t) [Equation 2.7] 
This equation can be solved iteratively to yield G(t) by initially ignoring the 
variation of density with temperature (i.e. BQ(t) = 0). At each iterations, G(t) is 
calculated by standard finite-difference techniques, until a best fit subsidence is derived. 
~ is obtained from the integral of the strain rate history generated (Equation 2.6). A 
typical starting strain rate distribution and final strain rate distribution fitted to subsidence 
data is shown in Figure 2.6. 
Where sedimentary basins have formed by a single episode of rifting, inversion of 
subsidence will result in a strain rate profile similar to that of Figure 2.6b, in which a 
single episode of extensional strain rate is followed by thermal subsidence, when strain 
rate falls back towards zero. 
The strain rate inversion method can be used selectively to test the stretching model 
as a possible basin forming mechanism. In all cases, independent evidence for inferred 
rift episodes must be sought. In those areas where regional geology indicates a basin-
forming mechanism other than extension, strain rate inversion has not been attempted 
(e.g. Figure 2.7). 
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Figure 2.6: Inversion of subsidence data from well k_6l, Illinois Basin. (a) Initial strain rate 
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2.5.2.3 Converting stretching factors into extension estimates 
Where stretching is demonstrated to be responsible for basin subsidence, estimates can be 
made of the total amount of extension, Es. This calculation is applied to regional transects 
of subsidence profiles oriented close to the maximum extension direction, using: 
X 
Es = J (1- 1/ ~ )dx [Equation 2.8] 
0 
2.6 Error analyses 
There are a number of assumptions inherent in the techniques described above, some of 
which may possibly lead to significant errors in the results and hence, flawed 
interpretations. Some of these sources of error are enhanced by the application of basin 
analysis to the Palaeozoic, when, for example, dating may be poorer than in the 
Mesozoic. Moreover, Palaeozoic sedimentary sequences have had more time to undergo 
subsequent deformation or the deposition of thick overburden sequences, which may 
have been subsequently removed. Hence, a full assessment of potential errors is required. 
2.6.1 Airy Isostasy 
The backstripping technique makes the assumption that the lithosphere has 
negligible mechanical strength (i.e. it behaves under Airy isostasy). This assumption is 
valid if the effective elastic thickness, 'te, is small. 'te is a measure of the flexural strength 
of the lithosphere. If the lithosphere has mechanical strength then it can support a load, 
and the difference between the water-loaded subsidence and the sediment-loaded 
subsidence will be much reduced, depending on the wavelength of the load. Hence, 
greater tectonic subsidence is required for the same thickness of sediment to accumulate 
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than with Airy isostasy. Therefore, the assumption of Airy isostasy gives a minimum 
estimate of the amount of tectonic subsidence and thus p. 
Measures of 'te in North America are controversial. Karner & Watts (1983) 
calculated that 'te was in the range 80-130 km in the Appalachian area and a similar result 
was reported by Quinlan & Beaumont (1984 ). Bechtel et al. (1990) produced a map of 'te 
in North America with values of more than 128 km over the Canadian Shield and with 
values of around 64 km over much of the area of this study (Figure 2.8). These high 
values of 'te imply that the lithosphere possesses considerable flexural strength and that 
no thermal subsidence would be observed following a period of rifting. 
Figure 2.8: Map of variations in effective elastic thickness of the lithosphere of North America. Contour 
values are in km (from Bechtel et al. , 1990). 
Bechtel et al. (1990) used the coherence between Bouguer· gravity anomalies and 
topography, a technique devised by Forsyth (1985). These high values suggest that the 
lithosphere possesses considerable flexural strength and that the assumption of Airy 
29 
CHAPTER 2: THEORETICAL BACKGROUND AND ERROR ANALYSIS 
isostasy taken here is flawed. However, McKenzie (submitted) argued that the coherence 
between Bouguer gravity anomalies and topography provides only maximum estimates of 
'te, especially where topography has little signal. The coherence method supposes that 're 
is related to the wavelength at which compensation of topography is observed by the 
Bouguer anomaly. McKenzie (submitted) showed that topographic compensation occurs 
at shorter wavelengths and that the Bouguer anomaly and the free-air anomaly should be 
used together in obtaining estimates of 'te, as the latter makes no assumptions about 
topography. McKenzie (submitted) concluded that in North America (and in other 
continental regions), 'Te is never greater than 35 km. This much smaller estimation of the 
flexural strength of the lithosphere justifies the assumption of Airy isostasy taken here. 
2.6.2 Lithospheric Thickness 
The thickness of pre-rift lithosphere influences the amount of stretching required to 
achieve observed subsidence and will affect the nature of the subsidence curves. In this 
study, values for lithospheric thickness and basal geotherm of 100 km and 1333°C 
respectively were taken. Tests have been made to compare the effects of a range of 
lithospheric parameters with those taken. Figure 2.9 shows a subsidence analysis for well 
k_61 in the Illinois Basin. Lithospheric thicknesses of 100 km, 120 km and 140 km and 
geotherms of 1333°C and 1450°C were used in generating forward models to match the 
observed water-loaded subsidence data. 
In all cases, the lithospheric extension model produces a good fit to observed 
subsidence. The model appears to be more sensitive to changes in lithospheric thickness 
than it is to changes in the temperature of the basal geotherm. The ~ factors vary between 
about 1.16 for a 100 km lithosphere to 1.20 for a 140 km lithosphere. 
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Figure 2.09: Forward modelling of subsidence in well k_61 (Illinois Basin), using a range of lithospheric parameters. Lithospheric thickness is shown to affect the quality of the fit more than variations in the basal temperature. 
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The best fit to the observed subsidence is generated with a 120 km thick lithosphere 
(P == 1.18). The 140 km thick lithosphere is too steep for the observed subsidence, as, 
after about 400 Ma, it overestimates the amount of subsidence. The 100 km lithosphere 
(P == 1.16) case fits the data well, except around 450 Ma, when a minor episode of rapid 
extension occurs. This event results in the water-loaded subsidence points lying between 
p factors of 1.16 and 1.18 (instead of between 1.14 and 1.16) for the remainder of the 
profile. However, the water-loaded data parallel the modelled curves for the entire 
duration of subsidence (with the exception of the event at 450 Ma). Therefore, while the 
120 km thick lithosphere appears to produce a better fit, it is arguable that this parameter 
results in the obscuring of minor subsidence events. There is considerable evidence to 
support the genuine existence of the example 450 Ma event above (Chapters 3, 5 and 6). 
Overall, varying lithospheric parameters makes little difference to the overall form of the 
subsidence curves. Moreover, the lithospheric thickness of 100 km taken results in 
minimum p estimates and avoids the possible exclusion of small but important episodes 
of rapid subsidence during the post-rift phase. 
2.6.3 Correlating and dating sequences 
Owing to the scale of this study and the historical division of study between state 
geological surveys, stratigraphic correlation can be extremely difficult. A number of 
recent developments address this problem. The most important contribution to correlation 
within North America is the Correlation of Stratigraphic Units of North America 
(COSUNA) chart series of Shaver et al. (1985). In addition, the Decade of North 
American Geology series of publications contain regional descriptions of the lithological 
nature and correlations through the Palaeozoic. 
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Figure 2.10: Effect of varying lithospheric thickness on well i1_26, Illinois Basin. The basal temperature has 
fixed at l ,333°C. The misfits shown are the differences in each case between the modelled subsidence curve 
and the last data point (-375 Ma). The strain rate was set to zero in the immediate post-rift period. The best fit 
is achieved with a lithospheric thickness of 100 km. 
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The biostratigraphic stages has been assigned chronometric ages for the purposes of 
modelling. The timescale used throughout this study is based on that of Harland et al. 
(1990). The only deviation from this scheme is for dating of the Cambrian period, whose 
revised dates are taken from the U-Pb zircon geochronology of Bowring et al. (1993). 
Hence, the base Cambrian age is taken as 544 Ma and the base Ordovician as 505 Ma. 
Dates based on these schemes are attributed to North American stage names and hence to 
individual formations. Where the resolution of the stratigraphic data available is greater 
than that of the timescale, chronological ages have been assigned to formations by 
assuming constant sedimentation rates between the nearest points on the published 
timescale. When considering individual basins, stratigraphic summaries have been 
produced, showing the age dates assigned to specific formations . 
Errors may be inherent with stratigraphic data acquired from boreholes, especially 
in the oldest formations, which tend to be sandstones and conglomerates, and are often 
unfossiliferous. Further error may be introduced when assigning chronological dates to 
individual formations. 
The extent to which dating errors may affect the results of this study are tested 
using a: well from the Illinois Basin, well iI_26. Random noise has been added to the date 
of each indi victual unit. A maximum variation of 15 million years is allowed as this is 
twice the sampling interval at which all the stratigraphic sections in this study have been 
inverted. Moreover, 15 Ma is greater than 2% of the 550 Ma maximum age of the oldest 
formations (2% is the quoted error in the published t(mescale of Harland et al., 1990). 
The noise is restricted in that each successive unit is not allowed to be younger than the 
overlying unit or older than the underlying unit, a geologically necessary constraint. 
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The inversion process has been run on well il_26 with 40 different arrays of noise 
using a Monte Carlo approach: 40 different strain rate profiles were generated, a mean 
strain rate was determined and the standard deviation calculated (Figure 2.11). 
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Figure 2.11: Statistical analysis of errors in attributing dates to subsidence points, using well i1_26, Illinois 
Basin. Vertical bars represent errors in strain rate within a 95% confidence interval. Diamonds represent the 
mean strain rate distribution for 40 analyses in which time for each point was allowed to vary within a 15 
Ma range. 
This analysis shows that allowing timing to vary considerably does not greatly alter 
the form of the strain rate profile. Extensional strain rates rise to an early peak and 
subsequently close fall to zero. Hence, an early rift explanation for the observed 
subsidence is robust to large errors in assigning dates . In reality the errors assigned are 
too great: the Monte Carlo approach allows subsidenc~ dates to vary by up to 30 million 
years with respect to each other. The period during which rifting is active can thus be 
shortened or lengthened dramatically. If it is shortened, subsidence will be modelled by a 
short, high magnitude peak in strain rate, which will subsequently fall to zero. If it is 
lengthened to its maximum extent, the observed subsidence is modelled by a longer, 
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lower magnitude strain rate event. Hence, the strain rate profile does not follow the 
maximum or minimum paths in Figure 2.11, but rather moves from an early maximum to 
later minima or early minimum to late maxima (i.e. short or long rift periods, 
respectively). 
In conclusion, chronostratigraphic errors do not remove the rift signal from 
subsidence profiles. These errors are greatest in the early part of a sequence and are likely 
to be much less significant in the post rift phase where greater biostratigraphic control is 
achieved. 
2.6.4 Palaeobathymetry 
The palaeobathymetries in which sediments were deposited are a potential source 
of considerable error (Steckler & Watts, 1978; Barton & Wood, 1984; Bertram & Milton, 
1989). Barton & Wood (1984) showed that neglecting palaeowater depth estimations can 
lead to undue significance being applied to otherwise insignificant changes in subsidence 
rate. Total water-loaded subsidence is directly dependent on palaeowater depth (Equation 
2.4), hence the necessity to evaluate the palaeobathymetric range as accurately as 
possible. 
In order to minimise palaeowater-depth errors, detailed investigations of the palaeo-
water depths in which units were deposited has been carried out. Stratigraphic summaries 
are given for each area considered in this dissertation. Each summary shows the ranges 
chosen for individual formations and cites the evidern;e by which such estimates were 
reached. Some fieldwork was carried out in Kentucky, confirming the palaeobathyrnetric 
range estimates assigned to various Ordovician formations. Palaeowater-depth ranges are 
shown on water-loaded subsidence plots as vertical error bars, the bounding limits being 
conservative maximum and minimum estimates of water-depth at the time of deposition. 
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2.6.5 Eustatic sea-level variation 
To test for the effect of eustatic sea level changes on subsidence profiles, one such curve 
has been added to a well from the Illinois Basin. This composite Palaeozoic sea level 
curve is based on curves from Osleger & Read (1993), Ross & Ross (1992), Johnson et 
al. (1991) and House (1983) (Figure 5.2). The sea-level correction complicates an 
otherwise simple subsidence pattern and periods of negative subsidence are induced. This 
negative subsidence, or uplift, is not observed in the stratigraphy of the basin. For 
example, the 'uplift' at - 450 Ma is a period of continuous deposition in the Illinois Basin. 
Hence, the subsidence curve produced by applying the sea-level correction i:s nonsensical 
and the magnitudes of sea-level variation are likely to be too large (Figure 2.12). 
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Figure 2.12: Effect of adding eustatic sea-level curve to subsidence profiles for well k_61, Illinois Basin . 
(a): subsidence curve with no sea-level correction applied. (b): . curve with correction applied from the 
composite sea-level curve (Figure 5.2). Amplitudes from Ross & Ross (1992). 
In order to test this conclusion against better known sea-level curves, a similar 
analysis has been performed on wells from unambiguous extensional settings, using the 
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Mesozoic and Cenozoic sea-level curves of Haq et al. (1987). This analysis was carried 
out on subsidence data from the North Sea and from a Tethyan margin in Italy (data from 
Jarvis, 1995 and Wooler, 1993 respectively). The results again indicate that the 
magnitude of sea-level variation complicates the pattern of post-rift subsidence: the steep 
syn-rift phase is less sensitive to variation (Figure 2.13). 
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Figure 2.13: (a) & (b) Subsidence curves from Val Sugana, Dolomites, North Italy. Data from Wooler 
(1993). (a) no sea-level correction applied. (b) sea-level correcti?n from Haq et al. (1987) applied. (c) & 
(d) subsidence curves from 48/21-1 Placid, Southern North Sea. Data from Jarvis (1995). (c) no sea- level 
correction. (d) sea-level correction applied from Haq etal. (1987). 
An important result of this analysis is that whilst sea-level changes have an obvious 
effect on the geometries of the stratigraphic fill of a basin, such changes are not great in 
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magnitude, as they are not apparent in water-loaded subsidence curves generated using 
simple stratigraphic backstripping techniques. Similar conclusions were drawn by 
Gallagher (1989) and Wooler et al (1992). For these reasons, no correction has been 
made in this study for eustatic sea-level variation. 
2.6.6 Porosity 
The decompaction process described in Section 2.4.1 assumes that the porosity is a 
simple function related to depth of burial. Trowell (1995) carried out an extensive study 
of the effect of this assumption, by altering the backstripping process to account for 
porosity loss owing to externally derived cements. He concluded that the depth/porosity 
assumption slightly overestimated the amount of decompacted subsidence but that the 
modelled p, strain rate results and timing of events was unaffected. It is not necessary to 
repeat this exercise here. 
2.6. 7 Overburden 
If the stratigraphic sections used in this study have experienced considerable burial 
followed by uplift and denudation, then estimates of water-loaded subsidence, and hence 
p, may be in error. The missing overburden will have caused additional compaction, and 
so the decompacted subsidence estimates will be minima. As the amount of missing 
overburden varies geographically, this source of error is examined, where appropriate, in 
each of the results chapters. A composite stratigraphic section is compiled in each case 
with the overburden accounted for. Similar tests were carried out by Wooler (1993), who 
concluded that missing overburden made negligible differenGe to the shape of a 
subsidence curve or the resulting modelled p factor. 
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2.6.8 Tectonic thickening 
Crustal shortening during episodes subsequent to deposition of sedimentary units 
can lead to significant vertical thickening of stratigraphy sections. There are two possible 
effects: first, crustal shortening often imposes structural dip upon previously flat-lying 
stratigraphy and, second, shortening can thicken strata. This effect is most evident where 
cleavage formation has occurred, implying >30% shortening (Thomas, 1987). 
Fortunately, insignificant crustal shortening has occurred over much of the area of study. 
Oklahoma is the only area where sections are taken from an orogenic belt where cleavage 
has developed (Chapter 3). However, a large number of the sections used across the 
interior of the United States are drilled on anticlinal structures, possibly overlying faults 
(e.g. Illinois Basin, Chapter 5). Such structures are commonly asymmetrical and, by 
definition, associated with dipping stratigraphy. This source of error therefore needs to be 
taken into account. 
The possible errors from a section from a rift belt in Oklahoma have been studied, 
where tectonic shortening of up to 40% is reported (Tomlinson, 1952). Figure 2.14 shows 
a section taken from an area in which significant shortening occurred. Crustal shortening 
estimates of 20% and 40% were assumed and strain rate inversion carried out on the 
adjusted sections (Figure 2.14). It can be seen that the form of the subsidence curve does 
not vary, although the modelled ~ does (falling from 1.22 to 1.15). Greater variation in 
the form of the plot might be expected if a more realistic correction was made for 
differential thickening between different lithologies. 
A separate analysis has been made for a well located on an anticlinal structure in 
Illinois (well il_04). The geological justification for studying sections from the Illinois 
Basin in terms of the lithospheric extension model will be discussed in Chapter 5. For the 
purpose of error analysis, dips of 20° and 40° have been assigned to the units in this well. 
40 
CHAPTER 2: 'THEORETICAL BACKGROUND AND ERROR ANALYSIS 
Correcting for these dips results in the restoration of flat lying strata which are thinner 
than those recorded in the well. A very similar result was found to the Oklahoma analysis 
above. ~ fell from 1.14 to 1.13 (20° dip) and 1.11 (40° dip). The form of the subsidence 
curve remains roughly the same. 
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Figure 2.14: Subsidence analyses from southern Oklahoma, assuming: (a) zero tectonic thickening; (b) 20% 
tectonic thickening; (c) 40% tectonic thickening. 
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2.6.9 Syn-rift topography 
The structural location of a well during the syn-rift phase can considerably 
influence the amount of tectonic subsidence and the model1ed ~ factor. Sawyer (] 986) 
presented an excellent discussion of this problem, which is illustrated in Figure 2.15. In 
general, this problem should not lead to significant errors if data density is sufficiently 
high, as anomalous ~ factors will be apparent from comparison with the average ~ factors 
in the region. However, since most data come from oil exploration boreholes, there may 
be a sampling bias towards structural highs. Little can be done to correct for this problem, 
other than careful consideration of the structural position of individual wells, as one can 
only work with the data available. Unfortunately, it is often difficult to elucidate 
structural position owing to a paucity of available seismic reflection data. Sawyer (1986) 
concluded that the problem of syn-rift topography is minimised by the modelling 
assumption of local isostatic (i.e. Airy) compensation. 
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1986). 
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2.7 Conclusions 
The backstripping technique is one that is vulnerable to errors as it involves many 
assumptions. Errors may be introduced at all stages, from the logging of sequences at 
outcrop or the well-head right through to the parameters taken in modelling the observed 
subsidence. The process is robust despite the catalogue of possible errors. In particular, 
the assumption of Airy isostasy is considered valid and the lithospheric thickness of 100 
km taken, although arguably thin, has been shown to make little difference to the 
subsidence results. Both assumptions provide minimum estimates of tectonic subsidence 
and, where modelled,~-
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3.1 Introduction 
This chapter considers subsidence along an ancient Palaeozoic passive margin of 
North America, the Ouachita margin. An important aim of this study is to document the 
timing of extensional events in the interior rifts branching from the cratonic margin and 
to examine the nature of subsidence on parts of stable cratonic lithosphere, which lie 
close to the margin. These results will provide an important analogue for considering the 
Illinois and Michigan intracratonic basins of the North American interior, which were 
initiated during the same episode of extension (Chapters 5 and 6 respectively). This 
chapter will also examine the geometry of the Ouachita margin.New detailed studies of 
the timing and nature of subsidence events that accompanied formation of the Ouachita 
margin are described and estimations of extension and resulting contoured maps of 
stretching factors(~) are produced. 
The eastern continental margin of Palaeozoic North America can be divided into two 
sections, the Appalachian Orogen (see Chapter 4) and the Ouachita Orogen. The 
boundary between the two lies in present day Alabama, where the north-south trending 
Appalachian orogenic front joins the east-west trending Ouachita Front (Figure 3.1 ). 
Such orthogonal boundaries characterise the Palaeozoic orogenic belts of eastern North 
America. Those bends that are concave towards the craton are termed recesses and those 
convex towards the craton are termed salients (Figure 3.2). This geometry is thought to 
reflect a series of promontories and embayments in the Palaeozoic Iapetus Ocean margin 
(e.g. Hoffman et al. , 1974; Rankin, 1976; Cebull et al., 1976; Th.omas, 1991). Thomas 
(1977) proposed that the Iapetus Ocean consisted of a mid-ocean ridge offset by large 
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south-central United States_ Abbreviations: AFTB = Appalachian fold and thrust belt; DRU = Devil's River 
Uplift; LU= Llano Uplift; ND = Nashville Dome; NR = Nemaha Ridge; OD= Ozark Dome; PA= Pascola 
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Front. (Based on King, 1969 and Thomas, 1988). 
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Figure 3.2: Interpreted Early Palaeozoic geometry of continental margin, showing rift segments bounded by 
transform faul ts (redrawn from Thomas, 1991). AOT = Alabama - Oklahoma Transform . 
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transform faults. Within this scheme, northwest-southeast trending portions of the 
orogenic fronts represent transforms and the northeast-southwest portions lie parallel to 
the passive margins and oceanic spreading centres (Figure 3.2). The major transform 
trending westwards from Alabama to Oklahoma, of the order of 1,000 km in length, was 
the northern boundary of the Ouachita Embayment, which is considered a separate ocean 
basin. In contrast, Hoffman et al. (1974), proposed that an ocean basin would form along 
two arms of a rift, accompanied by a failed third arm, or aulacogen. This model has been 
refined and applied to the Ouachita margin by Cebull et al. (1976), Sherbut & Cebull 
(1980) and Lowe (1985). This chapter will aim to use subsidence analyses to help clarify 
the origin of the Ouachita margin. 
3.2 Description of Study Area. 
A summary of the main structural features along the margin is given in Figure 3.1. 
Several inferred rift belts branch from the cratonic margin into the continental interior. 
These are the Tabosa Basin (or Delaware Aulacogen) of west Texas, the Oklahoma 
Aulacogen and the Reelfoot Rift, all of which are proximal to embayments in the 
cratonic margin. On the promontories are areas of supposedly stable cratonic platform 
which experienced passive margin sedimentation through the Lower Palaeozoic (Viele & 
Thomas, 1989). These areas include the Llano Uplift of central Texas, which was 
denuded during the Pennsylvanian) and the Black Warrior Basin of Mississippi and 
Alabama. 
A database of 74 stratigraphic sections has been compiled from various sources 
(see Appendix 1). Subsidence analysis is described from three principal geographical 
regions along the Ouachita margin: Texas, Oklahoma and Mississippi/ Alabama (Figure 
3.2). 
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Figure 3.3 : Summary of the principal structural features of Texas and locations of stratigraphic sections 
used in this study. DRU = Devil's River Uplift; FWB = Fort Worth Basin; KB = Kerr Basin ; MU = 
Marathon Uplift. All section numbers are preceded by 'tx_'. 
Sub-surface geology, seismic reflection data and magnetic/gravity modelling have 
all been used to delineate the Ouachita orogenic belt under the Mesozoic and younger 
cover of the Gulf Coast Plain (Figure 3.3; Nicholas & Waddell, 1989; Viele & Thomas, 
1989). The Ouachita Front through Texas represents a continuation of the Lower 
Palaeozoic Ouachita passive margin and the Texas Recess and Marathon Salient mark 
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the inferred positions of the Texas Promontory and Marathon Embayment respectively 
(Figure 3.2; Thomas, 1991). The Tobosa Basin of west Texas (Figure 3.3) is believed to 
be a Cambrian rift, inferred from a gravity anomaly similar to that associated with the 
Oklahoma Aulacogen (Figure 3.2; Sherbut & Cebull, 1980; Keller et al., 1983). Whether 
the Tobosa Basin is actually a Cambrian rift will be tested here, along with examfoation 
of the geometry of the Ouachita passive margin in Texas. 
3.3.2 Texan stratigraphy 
Reviews of Texan Palaeozoic stra6graphy are given by Barnes & Bell (1977) and 
Frenzel et al. (1988). A summary stratigraphic diagram is given in Figure 3.4 along with 
chronostratigraphic age dates and palaeowater-depths assigned for subsidence analyses. 
Upper Cambrian and Ordovician rocks occur across most of Texas, overlying 
Precambrian crystalline basement, although the thickness of these sequences is always 
less than 1 km. Outcrops in the Llano Uplift, along with a wealth of exploration well 
data throughout Texas, show lower Late Cambrian Hickory Sandstone underlying 
predominantly carbonate sequences of latest Cambrian and Early/Mid Ordovician age. 
The Hickory Sandstone is thickest to the south of the Llano Uplift, with thickness 
variations owing to palaeo-topography. It is often absent over prominent palaeohighs 
(Figure 3.5; Frenzel et al., 1988). Early elastic sedimentation is progressively replaced by 
carbonates, which tend to be more uniform in thickness. These units are thickest in 
central Texas, south of the Llano Uplift. A major unconformity cuts the top of the 
Cambrian and Ordovician sequence (Barnes & Bell, 1977) and, with the exception of the 
Llano Uplift, these strata are overlain by thick Late Palaeozoic roc;ks, during which time 
subsidence was driven by the flexural effects of the Ouachita Orogeny (Viele & Thomas, 
1989; Denison, 1989). 
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3.3.3 Regional analyses and subsidence results 
Stratigraphic sections have been compiled for 40 locations on the cratonic side of 
the Ouachita Front in central and west Texas, along with a further section in south-
eastern New Mexico (Figure 3.3). A borehole in north Texas, MW _24, has been 
incorporated into analysis of the Oklahoma Aulacogen in Section 3.4. For the purposes 
of this study, Texas has been subdivided into two principal areas: the Texas Recess, 
including the Llano Uplift and the Marathon Salient of west Texas. 
3.3.4 
3.3.4.1 
The Texas Promontory and the Llano Basin 
Subsidence analysis 
Four outcrop sections and 33 boreholes (Figure 3.3) have been analysed in the 
Texas Recess area. Three example subsidence analyses are shown in Figure 3.6. In all 
cases, rapid subsidence in the Late Cambrian slows by Early Ordovician time. Inversion 
of subsidence data for strain rate yields a single strain rate peak from about 520 Ma until 
505 Ma when it falls towards zero. Strain rates of up to 10.0 Ga· 1 (3.2x10- 16 s· 1) are 
modelled, with ~ factors of up to 1.06. Recorded stretching factors are small but the 
subsidence analyses suggest that minor extension occurred on the craton inboard of the 
continental margin during the Late Cambrian. 
3.3.4.2 Evidence for rifting 
Subsidence analyses alone provide insufficient evidence for unambiguous 
identification of an episode of rifting. In the absence of seismic data, such evidence can 
be sought through examination of possible syn-rift sedimentary sequences. Deposition of 
the Hickory Sandstone and overlying members of the Riley Formation is greatly 
influenced by topography, and this topography is possibly fault-controlled, given the 
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existence of synchronous rifting along the nearby continental margin and in the 
Oklahoma Aulacogen to the north (Section 3.4). A cross-section from the craton edge in 
the Llano area towards New Mexico (Figure 3.5) illustrates the local extent of the Riley 
Formation, especially the Hickory Sandstone, and palaeohighs are therefore inferred to 
be fault-bounded blocks. Subsidence analyses between wells which are geographically 
separated by inferred faults show increases in ~-factor as a result of stratigraphic 
thickness variations. For example, well tx_26 has a calculated ~-factor of 1.04, whereas 
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the two wells that lie on either side of the palaeohigh (tx_25 and tx_05) both have P-
factors of 1.06. The cross-section also shows a pattern of onlap of successive strata 
developing to the west, away from the area of maximum deposition, as might be 
expected with thermal relaxation following lithospheric extension (Figure 3.6). 
An analysis of the possible errors associated with the omission of overburden has 
been carried out on well tx_36, by assuming 2 km of additional stratigraphy has since 
been removed. This figure is taken from apatite fission-track analysis which indicated 
that between 500 m and 2 km of Mesozoic denudation occurred in the Llano Uplift area 
(Corrigan et al., in prep.). The effect of this analysis is to increase the modelled p factor 
from 1.06 to 1.08. The form of the subsidence plot did not change significantly and was 
still modelled by a single extensional strain rate peak in the Cambrian. 
3.3.4.3 Regional distribution of stretching 
A contoured map of P-factor has been produced from the results of modelling aJl 
sections, to show the regional distribution of Cambrian extension (Figure 3.7). p factors 
increase progressively from the northwest to the southeast, parallel to the Ouachita Front. 
This pattern of increasing P confirms that the Ouachita Front lies roughly parallel to the 
direction of Lower Palaeozoic extension and hence to the cratonic passive margin. A 
local area of maximum extension is observed at the southern extreme of the Texas 
Promontory, to the south of the Llano Uplift. It is in this area that stratigraphic thickness 
variations, probably produced by syn-rift faulting, are most evident and where the 
Hickory Sandstone and overlying strata are thickest (Viele & Thomas, 1989). This area 
is here called the Llano Basin (Figure 3.7) and underlies the Kerr foreland basin formed 
during the Ouachita Orogeny (Figure 3.3; Viele & Thomas, 1989). The Llano Basin thus 
occupies a position similar to that of the Black Warrior Basin on the Alabama 
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Promontory (Figure 3.1 ), although much greater values of extension (up to ~ = 1.20) are 
recorded in the Black Warrior Basin (Section 3.5) 
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Figure 3.7 : Contoured map of Texan ~ factors, using all modelled sections. Black dots indicate the 
locations of stratigraphic sections used in subsidence analysis. 
In contrast to central Texas, ~ contours to the west of the Llano Basin are not 
parallel to the nearby orogenic margin. Although data is. sparse, the contour trend 
suggests that they terminate abruptly against the south-western side of the Texas Recess, 
the area of the present Devils River Uplift (Figure 3.1 ). This suggests that the extension 
direction was parallel to the San Antonio to Dallas part of the Ouachita Belt (the 
Ouachita Rift, Figure 3.1; Thomas, 1977) and perpendicular to the Devils River Uplift 
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(the Texas Transform of Thomas, 1977). This observation supports the hypothesis that 
the Texas Transform (Figure 3.2) was a major offsetting lineament, connecting extension 
on the Ouachita Rift on the south-eastern side of the Texas Promontory to the Marathon 
Embayment. 
An estimate of the total amount of stretching has been made parallel to the Texas 
Transform, by applying Equation 2.8 to a 292 km transect between wells 9 and 5 (Figure 
3.6). Approximately 14 km extension is calculated along this transect (Figure 3.8). 
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Figure 3.8: Plot used to calculate the amount of extension (E) between wells 9 and 5 in Figure 3.6. E is 
equal to the area under the curve (shaded in grey). See Section 2.5.2.3 for explanation . 
3.3.5 
3.3.5.1 
The Marathon Embayment and the Tobosa Basin. 
Introduction 
The Tobosa Basin (or Delaware Aulacogen) is a Lower Palaeozoic Basin 
extending north-westwards onto the craton from the Marathon Salient (Figure 3. l; 
Frenzel et al., 1988). Sherbut & Cebull (1979) suggested that the Tobosa Basin is an 
aulacogen from a rift triple junction in the Marathon Embayment. In support of their 
hypothesis, Sherbut & Cebull ( 1979) pointed to a positive free air gravity anomaly high 
oriented in a north-south trend, analogous to the Oklahoma Aulacogen (see below), and 
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proposed that this anomaly was the result of extensive syn-rift volcanism on the failed 
arm of the triple junction (Figures 1.6; 3.9). 
OCEANIC 
CRUST 
•: : ·. ·:· . 
. : ·. :._: -:, ·. ·.· . 
Figure 3.9: Possible model for formation of the gravity anomaly, west Texas (from Sherbut & Cebull, 
1979). 
However, Keller et al. (1989) reported results from a deep well that penetrated 
4460 m of basement rocks above the gravity high and found a large layered basic 
intrusion of about l. l Ga age (>500 Ma before the age of emplacement predicted by 
Sherbut and Cebull, 1979). Moreover, Cambrian and Ordovician rocks appear to be 
fairly uniform in thickness across the Tobosa Basin area, and much thinner ( <500 m) 
than in the Oklahoma Aulacogen or the Llano Basin. Keller et al. (1989) observed that 
the 1.1 Ga age of the basement rocks coincides with widespread continental extension 
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and associated volcanism on the North American craton (e.g. Hutchinson et al. , 1990). 
Evidence of mid-Proterozoic rift activity comes from the midcontinent (Keweenawan) 
rift and the Texan Devils River Uplift, where metasedimentary and meta-igneous rocks 
of about 1240 to 1120 Ma age (Nicholas & Waddell, 1989) were thought by Thomas 
(1991) to be of possible rift origin. 
3.3.5.2 Subsidence analyses and regional significance 
In order to test the possibility that the Tobosa Basin was a Cambrian rift, 4 wells 
from the Tobosa/Marathon area have been included in this study (Figure 3.3). These 
wells penetrate very thin sections ( <500 m) of Cambrian and Ordovician strata, and the 
basal Cambrian rocks of the Riley Formation (Figure 3.4) are absent. The amount of 
extension predicted from inversion of the subsidence data is extremely small (e.g. ~ = 
1.02), and given the absence of rocks equivalent to the syn-rift Riley Formation, those 
rocks present are probably post-rift onlapping strata. This relationship is confirmed by 
the cross-section (Figure 3.S) which shows later stratigraphy onlapping basement in the 
Tobosa Basin area. 
The contoured map of~ (Figure 3.7) gives no indication of Cambrian rifting in the 
Tobosa Basin area. Therefore, it is concluded that the Tabosa Basin did not exist as an 
area of enhanced Lower Palaeozoic subsidence. The possibility that the Tabosa Basin 
represents a rift of 1 .1 Ga age cannot be precluded here. 
3.4 Oklahoma Aulacogen 
3.4.1 Introduction 
The Oklahoma Aulacogen originated as a Cambrian rift from the Ouachita margin 
and occupies an east-west orientation through southern Oklahoma into northern Texas 
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(Hoffman et al., 1974). It presently encompasses the Anadarko, Arkoma, Ardmore and 
Hollis Basins (Figure 3.10). 
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Figure 3.10: Principal structural elements of Oklahoma. AbU = Arbuckle Uplift; AdB = Ardmore Basin; 
AkB = Arkoma Basin; OFTB = Ouachita fold and thrust belt. Also shown are the stratigraphy sections 
used in subsidence analysis (all section numbers are preceded by MW_'). 
Basin formation began in the Early or Middle Cambrian (Ham et al., 1964), with block 
faulting and extensive igneous activity, consisting of basaltic volcanism and thick 
gabbroic and dioritic intrusions, followed by a granitic-rhyolitic episode. All igneous 
activity had ended by the Late Cambrian (Gilbert, 1983). Large positive gravity and 
magnetic anomalies delineate the aulacogen, interpreted by McConnell & Gilbert (1990) 
as indicators of_ significant thicknesses of Cambrian igneous rocks (Figures 1.6; 3.2). 
Using Consortium for Continental Reflection Profiling (COCORP) seismic studies, 
Brewer et al. (1981) identified a deep Proterozoic basin underlying the Oklahoma 
Aulacogen and concluded that Cambrian rifting reactivated these existing fault trends. 
Deposition of 3 km of Late Cambrian to Devonian sedimentary rocks was followed by 
deposition of a further 7 km of late Paleozoic strata (Keller et al., 1983), Most of this 
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deposition occurred in the Anadarko and Ardmore foredeeps formed during the Ouachita 
orogen (Houseknecht, 1986). This deformation was expressed as north-west and north-
east trending thrusting and strike-slip movements, leading to the complex structural 
pattern observed today ( e.g. Arbenz, 1989). 
3.4.2 Stratigraphic summary 
A profile of southern Oklahoma stratigraphy is shown in Figure 3 .11. As across 
much of North America, Palaeozoic stratigraphy is dominated by shallow marine 
carbonate sequences overlying basal elastics. Here, the Reagan Sandstone is made up of 
a sequence of shallow marine and shore face sands. Thickness of this unit varies 
considerably at outcrop and in the subsurface (Latham, 1970; Fay, 1988). The Reagan 
Sandstone is overlain by the Honey Creek Formation and the Arbuckle Group, of 
Cambrian and Lower Ordovician age. This sequence of limestones and dolomites 
achieve a thickness in excess of 2 km (Ham, 1969). Shallow marine environments are 
indicated by the widespread occurrence of oolites and algal stromatolites (Figure 3.11). 
Shallow marine deposits dominate the stratigraphy until Mississippian times, although 
sporadic deeper water argillaceous rocks with graptolites occur, such as the Late 
Ordovician Sylvan Shale. Devonian and Silurian deposits are marked by < 300 m of 
carbonate rocks belonging to the Hunton Group. In the Mississippian, elastic deposition 
recommenced with shales and coarser elastics marking the onset of shortening associated 
with the Ouachita Orogeny and foreland basin formation (Houseknecht, 1986). 
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Figure 3.11: Stratigraphic summary, southern Oklahoma (based on Ham, 1969). Also shown are the ages and 
water depths assigned to each formation . References: (1) Latham, 1970; (2) Donovan et al. , 1988; (3) Finney, 
1988; (4) Fay, 1988; (5) Stitt, 1971. 
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3.4.3 Subsidence analysis 
Previously, detailed consideration has been given to Late Palaeozoic subsidence in 
Oklahoma, where the Ouachita Orogen induced lithospheric flexure ( e.g. Ferebee, 1991 ). 
However, little attention has been given to the analytical study of subsidence associated 
with Cambrian rifting. Feinstein (] 98 l) examined decompacted subsidence in 2 we11s in 
the Oklahoma Aulacogen, one of which did not penetrate Cambrian strata or 
Precambrian basement. Feinstein ( 1981) found that subsidence was rapid through the 
Cambrian and Ordovician and slowed markedly in the Middle Ordovician. He did not 
backstrip or model his subsidence data. Bond & Kominz (1984) utilised one early 
Palaeozoic section from Oklahoma in a study of the breakup of a Proterozoic super-
continent, but the present study represents the only detailed examination of Lower 
Palaeozoic subsidence. A database of 27 stratigraphic sections has been compiled and is 
illustrated in Figure 3.10. 
Five backstripped and inverted sections are shown in Figure 3.12. Sections 
MW _21 and MW _24 lie within the aulacogen whereas MW _07 and MW_ 15 lie to the 
north and MW _26 lies to the east in Arkansas (Figure 3.10). In all cases, rifting in 
Cambrian and Early Ordovician times is followed by post-rift thermal subsidence. p 
factors up to 1.22 are recorded from the Oklahoma Aulacogen, with accompanying strain 
rate peaks of up to 16 Ga- 1 (5.1 x 10- 16 s- 1) (e.g. MW _21). To the north, p factors fall to 
1.06, with strai~ rate peaks of around 4-5 Ga-' (l.3-1.6 x 10- 16 s- 1). As significant crustal 
shortening occurred in southern Oklahoma (up to 40%; Tomlinson, 1952), an analysis of 
the resulting errors incurred during subsidence analysis has been carried out in Chapter 
2. This analysis increased the p factor in MW _21 from 1.22 to 1.28. As shortening is 
mostly restricted to the thrust belt of southern Oklahoma, the P factor estimates resulting 
from vertical thickening of sequences is likely to be restricted to this area. Error analysis 
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Figure 3.12: Subsidence profiles from 5 wells from the Oklahoma Aulocogen 
surrounding areas, located in Figure 3.10 
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was also performed for the overburden deposited during foreland basin subsidence (up to 
7 km; Keiler et al., 1983). The overburden was found to have only a minor effect on 
tectonic subsidence, with negligible increase in ~. from 1.22 to 1.24. 
As described in section 3.4.1, extension has been identified in the Early or Middle 
Cambrian in the Oklahoma Aulacogen (Ham, 1964; Gilbert, 1983), with rift-related 
volcanism and sedimentation controlled by basement faulting (Viele & Thomas, 1989). 
However, no exploration wells have penetrated these earlier syn-rift sequences. Hence, 
the rapid subsidence during the Late Cambrian and Early Ordovician records only the 
late stages of extension and the ~-factors derived are considered to be minima. 
Unlike Texas (Section 3.3) and the Black Warrior Basin of Alabama and 
Mississippi (Section 3.5), rapid subsidence in Oklahoma continues into the Ordovician. 
A syn-rift to post-rift transition is modelled at around 485 Ma, as recorded by a change 
of slope in the subsidence profile and the cessation of high values of extensional strain 
rate. In Texas and the Black Warrior Basin, this transition occurs at about 505 Ma (end 
Cambrian). The significance of continued extension in the Oklahoma _area into the lower 
Ordovician is unclear. Well MW _2 l (Figure 3.12) shows a second episode of rapid 
subsidence in the Mississippian. This event records the onset of Ouachita flexural 
subsidence (Houseknecht, 1986) and has not been modelled. 
3.4.4 Regional distribution of stretching 
A map of stretching factors (Figure 3.13) shows ~-contours following an east-west 
trend, with the greatest values being recorded in southern Oklahoma, in the Oklahoma 
Aulacogen. The distribution of stretching in the south of the Oklahoma Aulacogen is 
uncertain, as a result of overthrusting of the Ouachita fold belt obscuring the southern 
portion of the Oklahoma Aulacogen. The analysis of errors resulting from tectonic 
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thickening of sequences (Section 3.4.3) suggests that higher~ factors might be expected 
in the aulacogen. A smaller effect is expected in central and northern Oklahoma, where 
less shortening occurred. Contours also show ~ decreasing westwards along the axis of 
the aulacogen, away from the cratonic margin. Extensional belts have been reported 
elsewhere in which ~ varies along rift axes, with resulting rotation and a concentration of 
volcanics at the 'wider' end of the rift (e.g. the Porcupine Basin, West of Ireland; White 
et al., 1992). The Oklahoma Aulacogen may be analogous with these examples. The 
lower factors of ~ (-1.08) to the north of the Oklahoma Aulacogen continue along trend 
eastwards, parallel to the Ouachita Front of eastern Oklahoma and Arkansas. 
34° 
1.02 
• 
• Stratigraphic section 
with ~-factor 
100° 
Contour Interval of p - 0.02 I 00° 
e 1.03 
1.03 
• 
94° 
34° 
·~-~····-·. 
9~ 0------i~~;;;~~~--
Figure 3.13: ~-factors during Cambrian extension calculated from subsidence analyses. With the exception 
of well MW _22 (Oklahoma Panhandle), all wells penetrate Precambrian basement or a near complete 
thickness of Reagan (basal) Sandstone. Contours of ~ clearly indicate a southward increase into the 
Oklahoma Aulacogen. The south side of the aulacogen is not clearly defined owing to Ouachita orogenic 
deformation. A-A' = Line of cross-section used for calculation of amount of extension in kilometres 
(Figure 3.14). 
The amount of stretching on a north-south profile crossing the Oklahoma 
Aulacogen has been estimated using equation 3.1. The resulting plot (Figure 3.14) 
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suggests that 17 km of extension occurred over the 14 7 km long transect. Error bands of 
±5 km were calculated by assuming an error of 0.04 in calculations of ~- However, as 
modelled ~ factors are considered to be underestimates owing to the lack of penetration 
of early syn-rift stratigraphy, the value of 17 km is likely to be a minima. No regional 
seismic data are available to test this estimate. In addition, the intense Late Palaeozoic 
compressional deformation means that it is unlikely that estimates of Cambrian 
extension on faulting could be made from such data. 
A 
0.200 
0.160 
a:1.. 0.120 
-~ 
~ 0.080 
0.040 
0.000 
0 28 37 83 95 147 
Distance along profile (km) 
Figure 3 .. 14: Calculation of the amount of extension (E) along a north-south transect across the Oklahoma 
Aulacogen. The transect is located in Figure 3.13. Eis equal to the area under the curve. 
3.5 The Black Warrior Basin 
3.5.J Introduction 
In southeastern Oklahoma, the Ouachita Front c~anges from a north-south to an 
east-west trend into Arkansas (Figure 3.1). The front is deeply buried under the Gulf 
Coast Plain in this region. Cretaceous and younger rocks of the Mississippi Embayment 
conceal the Reelfoot Rift, an early Palaeozoic aulacogen connecting the cratonic margin 
with the Illinois Basin to the north (Chapter 5). Further east, Palaeozoic rocks reach 
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shallow depths in the sub-surface and outcrop again in the Black Warrior Basin of the 
Alabama Recess (Figure 3.15; Thomas, 1988). The Black Warrior Basin, "an area of 
great negative epeirogenic tendencies" (Mellen, 1947), displays a complete history from 
rift to passive margin and foreland basin formation. 
OZARK 
DOME 
37° 
35° 
33° 
88° eK_60 86° 
Figure 3.15: Structural position and well locations, Black Warrior Basin, based on Thomas, 1988. Sections 
A-A' and B-B' are shown in Figure 3.20. Section C-C' is the approximate position of an extract from 
COCORP seismic profile TN3 (Figure 3.18). Shaded area indicates Precambrian outcrop. 
No comprehensive study of the subsidence of the Black Warrior Basin has been 
previously attempted, presumably a consequence of the exceedingly small number of 
wells which penetrate the Early Palaeozoic. Whiting & Thomas (1994) conducted an 
extensive study of the Late Palaeozoic flexural subsidence associated with the 
Appalachian and Ouachita Orogens and mapped out the interfering effects of each. This 
study is the first to consider the subsidence associated with the earlier history of the 
basin. An understanding of the evolution of the Black Warrior Basin is crucial in 
understanding the development of the Iapetus margin of North America, as it occupies a 
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position between the Appalachian margin -O.!\d the Ouachita margin and may provide 
evidence on the tectonic relationship between the two. 
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Figure 3.16: Structural cross-sections, Black Warrior Basin, modified from Thomas (1988), located in 
Figure 3.15. Profile A-A': Section from Ozark Dome, across Reelfoot Rift to Black Warrior Basin, running 
approximately parallel to the Alabama-Oklahoma Transform. Profile B-B': North-south section from 
Nashville Dome to Ouachita Front. On both sections, Early Cambrian graben have been added to reflect 
the interpreted structures of Johnson et al. (1994; discussion in text). 
3.5.2 Structural and stratigraphic evolution 
The Black Warrior Basin is not a structural depression with opposing dips but rather a 
gently dipping area of thick Palaeozoic sedimentary cover. It is bounded to the south and 
east by the frontal structures of the Appalachian and Ouachita thrust belts. Towards the 
southern edge of the basin, Lower Palaeozoic rocks are downthrown to depths in excess 
of 7 km by a series · of north-west trending normal faults (Figures 3.15 and 3.16). 
Generally , however, few faults are observed within the basin. 
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Figure 3.17: Stratigraphic summary, Black Warrior Basin (based on Petroleum Information, 1986). 
Also shown are the water-depths and numerical ages assigned to stratigraphic units. References 
as follows: (1) Petroleum Information, 1986; (2) Thomas, 1988; (3) Mellen, 1977; (4) Thomas, 
1972). 
67 
CHAPTER 3: THE OUACIDTA CRATONIC MARGIN 
The Black Warrior Basin evolved as a passive margin associated with the Blue 
Ridge rifts to the east, whilst being bounded to the south-west by a cratonic margin of 
uncertain nature (Lowe, 1985; Thomas, 1988). Kidd & Neathery (1979) showed a simple 
pattern of onlap of Cambrian strata onto the Black Warrior area, with rift-related rocks 
being restricted to the Appalachians of eastern Alabama and the deeper parts of the 
Reelfoot Rift. The area between the two was assumed to be stable craton. 
A stratigraphic chart illustrates the main formations within the basin (Figure 3.17). 
Early Cambrian sedimentation commences with the Chilhowee Group, a series of flu vial 
and shallow marine sandstones unconformably overlying Precambrian basement. This 
unit is localised to a elastic wedge thickening towards the Appalachians in eastern 
Alabama and within the graben structures of the Reelfoot Rift (Thomas, 1988). 
However, Johnson et al. (1994) proposed three additional north-south graben of latest 
Proterozoic-Early Cambrian age on the basis of gravity-magnetic anomaly data and 
seismic profiles (e.g. Figure 3.18). These rifts parallel the Reelfoot Rift and, if present, 
are likely to contain additional rocks belonging to the Chilhowee Group. Overlying the 
basal sands are the Shady Dolomite (a shelf carbonate), the Rome Formation (a series of 
very shallow shelf to intertidal sands and shales) and the shelf carbonates of the 
Conasauga and Ketona Formations. These units are local thickness variations whereas 
the overlying carbonates of the Knox Group are not. 
With these exception of the Late Ordovician, when ash fall deposits and thick 
elastic fans record the Taconian Orogeny, sedimentation from Late Cambrian to Late 
Devonian times was dominated by shallow marine carbonates (Figure 3.18; Thomas, 
1988). After the Late Devonian/Early Mississippian, major elastic .input occurs, derived 
via broad delta complexes from orogenic terranes to the south-west (Thomas, 1988). At 
this time, the Black Warrior Basin took its present form as a peripheral foreland basin, 
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with faulting accompanying lithospheric flexure with advancing thrust sheets (Viele & 
Thomas, 1989). 
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Figure 3.18: Interpreted seismic section, south-western Tennessee (from Johnson et al., 1994), located in 
Figure 3.15. The section shows the positions of a number of inferred early Cambrian graben and half-
graben. The vertical axis indicates two-way-travel-time. 
3.5.3 Black Warrior subsidence analyses 
5 wells have been assembled from the Black Warrior Basin and their subsidence profiles 
are shown in Figure 3 .19. All 5 profiles show rapid subsidence starting in the Early and 
Middle Cambrian, indicative of a rift origin, with ~ factors of up to 1.18 and peak strain 
rate values of up to 12 Ga-1 (3 .8 x 10- 16 s-1). Well BW _03 lies on the· Nashville Dome to 
the north of the Black Warrior Basin and has a~ factor of 1.08. The same~ value seems 
surprising however in BW _04, which is much closer to the cratonic margin (Figure 
3.15). The cause of this low value is uncertain, but may due to the position of this well 
on a local stmctural high. Modelled ~ factors in wells BW _01, BW _02 and BW _05 (~ 
between 1.13 and 1.18) are considered to be more typical of wells close to the cratonic 
margin. Wells BW _01 and BW _02 show a second period of rapid subsidence from 
Middle Mississippian times. This subsidence is caused by foreland basin development, 
as documented by Whiting & Thomas (1994), and has not been modelled for extensional 
strain rates. 
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with faulting accompanying lithospheric flexure with advancing thrust sheets (Viele & 
Thomas, 1989). 
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Figure 3.18: Interpreted seismic section, south-western Tennessee (from Johnson et al. , 1994), located in 
Figure 3.15 . The section shows the positions of a number of inferred early Cambrian graben and half-
graben . The vertical axis indicates two-way-travel-time. 
3.5.3 Black Warrior subsidence analyses 
5 wells have been assembled from the Black Warrior Basin and their subsidence profiles 
are shown in Figure 3.19. All 5 profiles show rapid subsidence starting in the Early and 
Middle Cambrian, indicative of a rift origin, with ~ factors of up to 1.18 and peak strain 
rate values of up to 12 Ga- ' (3 .8 x 10-16 s-1) . Well BW _03 lies on the Nashville Dome to 
the north of the Black Warrior Basin and has a~ factor of 1.08. The same~ value seems 
surprising however in BW _04, which is much closer to the cratonic margin (Figure 
3.15) . The cause of this low value is uncertain, but may due to the position of this well 
on a local structural high. Modelled ~ factors in wells BW _01 , BW _02 and BW _05 (~ 
between 1.13 and 1. 18) are considered to be more typical of wells close to the cratonic 
margin. Wells BW _01 and BW _02 show a second period of rapid subsidence from 
Middle Mississippian times. This subsidence is caused by foreland basin development, 
as documented by Whiting & Thomas (1994), and has not been modelled for extensional 
strain rates. 
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Figure 3.19: Subsidence analyses from 5 wells in the Black Warrior Basin, located in Figure 3.15. In all cases, 
subsidence until Mississippian times is modelled by a single extensional strain rate peak in the Early/Middle 
Cambrian. Later rapid subsidence is a result of flexural loading and has therefore not been inverted for 
extensional strain rates . 
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Tests have been carried out to assess the importance of foreland basin overburden. 
The assumption that 4 km of additional stratigraphy overlay the sequence in BW _01 had 
little effect on tectonic subsidence, causing modelled~ to increase from 1.18 to 1.20. 
3.5.4 Implications of subsidence analysis 
The fact that subsidence profiles from all 5 wells indicate rifting supports the 
hypothesis of Johnson et al. (1994) that the Black Warrior Basin is not simply an 
homogenous cratonic platform but is instead underlain by a number of rifts of earliest 
Palaeozoic age. The rapid subsidence in the Cambrian and subsequent deceleration in the 
Late Cambrian is inconsistent with the basin having experienced onlap of post-rift strata 
only. In Figure 3.20, ~-factors are shown superimposed on a simplified structural map, 
which also shows Johnson et al. 's (l 994) inferred graben. The likely existence of graben 
between wells and the paucity of data has prevented contouring of~ factors in the Black 
Warrior Basin. 
A guide to the likely value of~ within the graben of Johnson et al. (1994) can be 
obtained from a stratigraphic section from the Reelfoot Rift. Unfortunately the southern 
part of the Reelfoot Rift is deeply buried under the Mississippi Embayment, so no 
complete stratigraphic sections are known. Furthermore, uplift of the Pascola Arch 
(Chapter 5) has resulted in removal of most of the Palaeozoic section. Complete Early 
Palaeozoic stratigraphic sections are known only in the Rough Creek Graben at the 
northern end of the Reelfoot Rift. Modelled ~ factors ip this Cambrian rift are around 
1.18, although larger~ factors of 1.26 are obtained when unpenetrated middle and lower 
Cambrian strata are taken into account (Chapter 5; Figures 5.14 and 5.23). As the Rough 
Creek Graben is the closest analogue to the inferred rifts under the Black Warrior, 
similar amounts of extension may be expected within them. 
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The interpreted seismic section in Figure 3.18 (from Johnson et al., 1994) has been 
used to obtain independent estimates of stretching factors and the amount of extension 
(km) in the north of the Black Warrior Basin . Estimations were made by summing the 
heaves on all the interpreted faults and also by calculating the fault throws (assuming 
Mooney et al. 's (1983) seismic velocity for Early Palaeozoic sediments of 4.9 km/sec) 
and obtaining estimates of fault heaves for fault dips of 30° and 60° (Table 3.1). 
0.33 0.34 0.84 1.46 0.49 
2 0.66 0.37 0.91 1.58 0.53 
3 0.36 0.26 0.64 1.11 0.37 
4 0.28 0.28 0.67 1.17 0.39 
5 0.30 0.18 0.44 0.76 0.25 
6 0.51 0.55 1.14 2.34 0.78 
7 0.30 0.41 1.01 1.75 0.58 
8 0.28 0.11 0.27 0.47 0.16 
9 0.39 0.28 0.67 1.17 0.39 
10 0.30 0.21 0.51 0.88 0.29 
11 0.15 0.06 0.14 0.23 0.08 
12 0.36 0.36 0.88 1.52 0.51 
E (km)= 4.22 E (km)= 14.44 4.81 
~= 1.09 
~ = 1.41 1.11 
Table 3.1. Calculations of ~ determined from seismic line in Figure 3.18. The fault numbers are counted 
along Figure 3.1 8 from west to east. ~ calculations are determined by summing the fault heaves, and by 
inference from measured fault throws, assuming fault dips of 30° and ·60°. 
The average ~ factors calculated by summing the faul t heaves directly or from 
throws on 60° dipping faults are in close agreement (~ = l.09 and 1.11 respectively). 
Both methods yield estimates of between 4 and 5 km of extension along the 50 km of the 
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seismic profile. The estimates of ~ and actual extension calculated using a fault dip of 
30° are 1.41 and 14.4 km respectively. As the subsidence analysis for wells BW _03 and 
BW _05 (the closest wells to this seismic study) yield ~ factors of 1.08 and l.13 
respectively, it is suggested that the~ estimates assuming a 30° fault dip are considerable 
over-estimates. The estimates produced by the other two methods generally agree with 
the values modelled from subsidence data. 
37° 
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330 0 
Ozark 
Dome 
N 
t 
km 
'-, 
', 88° • 86° 
,! ,- '1~-,- 1.26 
' ' - / ',1,; _, / 
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Figure 3.20: Cambrian extensional features of the Black Warrior Basin region. A-A' and B-B' are the 
cross-sections in Figure 3.16 and C-C' is the location of Figure 3.18. The calculated ~-factors for the 5 
Black Warrior wells (Figure 3.19) are given, but contouring of~ has not been attempted. The shaded zones 
are the graben of Johnson et al. (1994). 
The rifts of Johnson et al. (1994) all lie parallel to the Reelfoot Rift and the rifted 
Cambrian Appalachian margin, and perpendicular to the Alabama-Oklahoma Transform 
(Figure 3.20) and so fall into the same extensional framework. These graben are 
dissected at their southern ends by later northwest-southeast faults . However the graben 
are older than these faults which formed during late Palaeozoic orogenic flexure (Viele 
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& Thomas, 1989) and perpendicular to the graben, so that reactivation of faults would be 
unlikely. Hence the cross-cutting orientations do not preclude the possibility of the 
earlier graben having existed. 
3.6 Summary 
Several important conclusions have been reached in this study of subsidence of the 
continental lithosphere bordering the Ouachita cratonic margin: 
• The Tobosa Basin of western Texas did not exist as a Cambrian rift feature . 
• Regional distribution of stretching indicates extension parallel to the northeast-
southwest trending part of the Ouachita margin, and perpendicular to the Devil's 
River Uplift part of the margin. 
• Subsidence analyses in the Oklahoma Aulacogen confirm that this was a Cambrian 
rift, with ~ factors of up to 1.22 modelled. This is taken as a minimum however as 
early Cambrian volcanics, deposited in graben, are not included in the analysis. 
Rifting in the Oklahoma Aulacogen continues until Early Ordovician_ time. 
• ~ factors similar to those encountered in the Oklahoma Aulacogen are modelled 
across the Black Warrior Basin, supporting the substantial extension inferred by 
Johnson et al. 's (1994) identification of graben and normal faulting in the region. 
• The onset of Mississippian flexural subsidence in the Oklahoma area (at 350 Ma) is 
earlier than in the Black Warrior area (330 Ma). Therefore, the Ouachita Orogen was 
diachronous, closing the Ouachita ocean basin in the e~st before the west. 
A regional contoured map of ~ is presented in Figure 3.22. The contours 
delineating the Reelfoot Rift have, by necessity, been strongly influenced by the 
structural map (Figure 3.1) owing to the lack of well data in this region. The contours 
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highlight two aulacogens, with contours parallel to the margin m central Texas and 
Arkansas. The structural complexity in the Black Warrior region and the paucity of well 
data has not permitted contouring. 
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Figure 3.21: Composite contoured map of Cambrian extension, compiled from 3.7, 3.13 and 3.20. The 
continuation of the Reel foot Rift onto the midcontinent will be discussed in Chapter 5. 
Insights into the problem of the geometry of the Palaeozoic cratonic margin have 
proved elusive, and the main conclusions of this chapter relate to more local events. 
Evidence of craton margin subsidence can only be indirectly obtained by analysis of 
sections in adjac_ent basins and cratonic platforms. The sections which would be of more 
use (i.e. those closer to the rifted margin) are unavailable for study, being situated either 
in deformed allochthonous thrust belts or on a conjugate rifted margin. Similar problems 
were described by Wooler et al. (1992) and Trowell (1995) in utilising subsidence 
analyses to describe the timing and development of rifting in the Permian and Mesozoic 
Tethys. Study of conjugate rifted margins might yield interesting results; a candidate for 
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the terrane rifted from the Ouachita Embayment is the Argentine Precordillera of South 
America (Thomas & Astini, 1996). However, this approach would involve major 
assumptions, concerning for example plate re-constructions and sequence correlations, 
and are beyond the scope of this study. 
In so far as this chapter has been able to allude to cratonic margin development, a 
revised map of the main tectonic features of the Ouachita cratonic margin is presented in 
Figure 3.22. The model of a rifted margin offset by major transform faults (Thomas, 
1977; 1991) is favoured for a number of reasons. In the Devil's River Uplift, ~ contours 
are cut by the margin whereas other parts of the margin lie parallel to them (Figure 3 .21 ). 
This relationship is best explained by the presence of a transform fault offsetting 
extending areas. No aulocogen is evident under the Tobosa Basin as would be expected 
if this were the site of an Early Palaeozoic triple junction. Thomas (1991) proposes that 
the Ouachita Embayment was created by the intersection of the Ouachita Rift with the 
Alabama-Oklahoma Transform Fault. The evidence cited above in favour of north-south 
trending faults under the Black Warrior Basin is taken to support the presence of the 
Alabama-Oklahoma Transform Fault. If the southern end of the Reelfoot Rift was the 
site of a triple junction, an aulocogen might be expected to extend onto the craton, and 
the Reelfoot Rift has traditionally been cited to support this (e.g. Burke & Dewey, 1973; 
Lowe, 1989). However, if the area between the Reelfoot Rift and the Appalachian 
margin is the site of numerous Lower Palaeozoic extensional faults (as suggested above), 
the triple junction hypothesis must be discounted. A belt of north-south striking rifts 
might reasonably be expected to terminate against a major strike slip fault but is unlikely 
to terminate against an east-west striking rift. 
The Black Warrior Basin illustrates an instance where a supposedly stable area of 
continental lithosphere, with unfaulted sedimentary sequences at the surface, is underlain 
76 
CHAPTER 3: THE 0UACHITA CRATONIC MARGIN 
by normal faulting and graben. Extension on these rifts is the mechanism by which the 
cratonic subsidence is achieved. Rift basins are increasingly being recognised under 
previously supposed stable cratons elsewhere (e.g the Midland Platform of southern 
Britain; Butler et al., in press). This illustration of the tectonic instability of cratons will 
be a major consideration when studying the intracratonic basins of North America 
(Chapters 5, 6 and 7). 
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Figure 3.22: Summary diagram of the geometry of the Ouachita continental margin of North 
America during the Lower Palaeozoic, with three representative subsidence profiles. Th.is highlights the 
relationship of the Oklahoma, Reelfoot and Black Warrior rifts to the margin. Note the prolonged period of 
rifting in the Oklahoma Aulacogen and the spatial variation in the timing of the onset of Mississippian 
flexural subsidence (indicated by dashed lines). 
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4.1 Introduction 
This chapter gives a brief account of Palaeozoic subsidence in the Appalachian 
Basin. The aims of this exercise are two-fold : first, to describe an area within the cratonic 
interior of North America where Cambrian rifting is evident and quantifiable and second, 
to document subsidence patterns resulting from lithospheric flexure during two collisional 
episodes; the Taconian and Acadian orogenies. Both issues are relevant to the problem of 
subsidence of intracratonic basins ( discussed in Chapters 5 and 6). 
The Appalachian Basin is an elongate basin which extends from New York to 
Tennessee (Figure 4.1). It is separated from the interior basins to the west by the 
Cincinnati Arch, and is bounded to the south by the Nashville Dome and to the east by the 
Appalachian fold and thrust belt. Most of the preserved stratigraphy of the Appalachian 
Basin records a history of foredeep deposition. Sediments were derived from the growing 
Appalachian orogen and filled a deep depression formed by lithospheric flexure . (e.g. 
Quinlan & Beaumont, 1984; Milici & de Witt, 1988; Rast, 1989). 
Underlying the foreland basin sequences, the pre-orogenic, extensional history of 
the basin is recorded by a variety of structural features, the most obvious of which is a 
long graben called the Rome Trough (Figure 4.1). The Rome Trough was fi rst recognised 
by Woodward (1961), who identified a "Lower Cambrian declivity which may be a fault 
scarp or coastwise cliff that is responsible for Early Cambrian deposits on its southern 
side". This "declivity" actually represents the northern side of an extensive graben 
complex which stretches from eastern Kentucky through West Virginia to Pennsylvania 
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Figure 4.1 : Location and structural features of the Appalachian Basin. Abbreviations: CA= Cincinnati Arch; 
KA= Kankakee Arch; ND= Nashville Dome; RCG = Rough Creek Graben; RT= Rome Trough. 
The Rome Trough lies parallel to the Appalachian margin although its northeastern 
connection to the margin is unclear. The relationship between the Rome Trough and 
structures of the Rough Creek Graben and Reelfoot Rift (described in Chapters 3 and 5) is 
also uncertain (Milici & de Witt, 1988). 
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Figure 4.2: Stratigraphic summary of the A ppalachian Basin, based on the Rome Trough area of eastern 
Kentucky. Chronological ages and water depths assigned for subsidence analyses are indicated. Stratigraphy 
based on charts in Milici & de Witt (1988). References: (l) Milici & de Witt, l 988; (2) Rankin et al., 1989; 
(3) Wagner, 1976; (4) Kolata & Noger, 1991; (5) de Witt & Milici , 1989; (6) Cressman, 1973; (7) Reed, 1982; 
(8) Pepper et al. , 1954. 
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Extension within the Rome Trough is inferred to have commenced in Early 
Cambrian times, given that cores taken in West Virginia contain Middle Cambrian fossils 
about 500 m above the Precambrian basement (Harris, 1978). Rifting continued through 
the Cambrian, as seen from stratigraphic growth across faults (Milici & de Witt, 1988). 
Reviews of stratigraphy in the Appalachian Basin region are given by Milici & de 
Witt (1988) and Rankin et al. (1989) . A detailed stratigraphic summary with absolute ages 
and palaeo-waterdepth range estimates is presented (Figure 4.2) . 
4.2 Subsidence Analyses 
Subsidence analyses have been carried out on 126 wells from the Appalachian Basin 
(Figure 4.3) . Data have been obtained from the open files of the Kentucky, Ohio and 
Pennsylvania state geological surveys and from Petroleum Information Corporation . 
These wells are part of a database for the Appalachian Basin which contains more than 
300 wells. Only wells which penetrated Early Palaeozoic rocks have been incorporated 
here. 
Well wv_08 is located close to the Rome Trough, on the Ohio border of West 
Virginia and displays subsidence typical of the Appalachian Basin (Figures 4.3, 4.4) . 
Three episodes of rapid subsidence are evident during the Middle/Late Cambrian, Late 
Ordovician and Late Devonian/ Early Mississippian. Strain rate inversion has been carried 
out on subsidence data from well wv_08 for the Cambrian subsidence event. The two later 
rapid subsidence episodes have not been inverted sirn;:e they are inferred to be due to 
lithospheric flexure (see discussion in Section 4 .7). Strain rate inversion gives ~ factor of 
1.06, with a peak strain rate of 7.4 Ga-1 (2.3 x 10-16 s-1) at 516 Ma. · 
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Figure 4.4: Subsidence analysis for well wv_08, northern West Virginia, located in Figure 4.3. This plot 
shows three episodes of rapid subsidence. Only the first event has been inverted for extensional strain rate 
as the second and third episodes are flexural in origin. 
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Estimates of the amount of extension across the Rome Trough have been obtained 
by constructing a regional subsidence transect (Figure 4.5). This transect shows ~ factors 
increasing from 1.04 in northern Kentucky, to between 1.09 and 1.14 close to the graben. 
Local variations in ~ may reflect the presence of syn-rift topography (see Figure 2.15). 
Strain rates of up to 17.5 Ga-1 (5.5 x 10-16 s- 1) are recorded, with peaks occurring in the 
Middle or Late Cambrian. 
A second regional subsidence transect runs from eastern Kentucky to New York, 
sub-parallel to the cratonic margin (Figure 4.6). This transect indicates that ~ factors 
modelled for Cambrian extension are greater in the Rome Trough than in areas to the 
northwest. For example, in Ohio and western New York, ~ factors of less than 1.04 are 
common. This transect also allows identification of along strike variations in foreland 
basin subsidence (Section 4.7) . 
4.3 Evidence for Cambrian extension 
Interpretation of subsidence data alone is insufficient to determine the occurrence of 
an episode of rifting and additional evidence, such as faulting, is required. Although the 
Appalachian area has been explored extensively for hydrocarbons (Colonel Drake sank 
the world's first wildcat well in 1859 in Pennsylvania: Yergin, 1991), little use has been 
made of seismic profiling and no published seismic data are available for use in this study . 
There is extensive documentation of Cambrian normal faulting (and accompanying 
stratigraphic growth) in the Rome Trough area, mostly interpreted from well correlations. 
Cambrian normal faulting is extensively documented by, amongst others, Silberman 
(1972), Harris (1975 & 1978), Wagner (1976) and Walker et al. (1991). However, it is 
unclear whether sufficient faulting is present to match the ~ factors predicted (by the 
lithospheric extension model) from the observed subsidence. 
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Figure 4.6: Northeast-southwest subsidence 
transect along the Appalachian Basin. The 
location of the transect is shown in the inset box. 
The transect shows greater Cambrian extension in 
West Virginia and eastern Kentucky (around the 
Rome Trough) than is observed fur ther north. [t 
also shows two later episodes of rapid subsidence 
during the Late Ordovician and Late Devonian/ 
Mississippian. These later events are caused by 
lithospheric flexure during the Taconian Orogeny 
(T) and Acadian Orogeny.(A) respectively. 
The amount of flexural subsidence varies along 
the axis of the Appalachian Basin. In particular, 
Taconian subsidence is greater in the north, in 
New York and Ohio, than it is in Kentucky. 
The amount of stretching and the peak strain 
rate recorded during Cambrian rifting is also 
indicated for each profile. 
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Figure 4.6: Northeast-southwest subsidence 
transect along the Appalachian Basin. The 
location of the transect is shown in the inset box. 
The transect shows greater Cambrian extension in 
West Virginia and eastern Kentucky (around the 
Rome Trough) than is observed further north. It 
also shows two later episodes of rapid subsidence 
during the Late Ordovician and Late Devonian/ 
Mississippian. These later events are caused by 
lithospheric flexure during the Taconian Orogeny 
(T) and Acadian Orogeny.(A) respectively. 
The amount of flexural . subsidence varies along 
the axis of the Appalachian Basin. In particular, 
Taconian subsidence is greater in the north, in 
New York and Ohio, than it is in Kentucky. 
The amount of stretching and the peak strain 
rate recorded during Cambrian rifting is also 
indicated for each profile. 
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13 33 
post-Middle Ordovician 
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Dutch Creek Fmn. to Plattin Fmn. 
Early Ordovician 
Chilhowee Group to 
Conasauga Formation 
Figure 4.7: North-south cross-section across eastern Kentucky, based on well correlation data and gravity 
modelling (redrawn from Ammerman & Keller, 1979; cross-section located in Figure 4.3). Faults are 
numbered for reference in calculating extension estimates (Table 4.1). The gravity model of Ammerman & 
Keller (1979) was unable to resolve the dips on the faults, which were therefore drawn as vertical. Zero 
horizontal extension is not implied. Numbers on top are projection of wells onto section for estimate of 
extension, E, Figure 4.8 . 
A north-south cross section through eastern Kentucky is shown in Figure 4.7. 
Ammerman & Keller (1979) indicate 6 major faults along this section, Fault 3 
representing the northern bounding fault of the Rome Trough. An estimate of stretching 
along this transect has been made, by taking the throw on each fault, calculating the heave 
(assuming fault dips of 30° and 60°) and hence deriving the total amount of extension, E 
(Table 4.1). 
1 
2 
3 
4 
5 
6 
0.42 
0.40 
1.63 
0.98 
1.01 
0.69 
E (km)= 
0.73 0.24 
0.69 0.23 
2.83 0.94 
1.70 0.57 
1.74 0.58 
1.20 0.40 
8.89 2.96 
Table 4.1: Calculations of E from north-south profile (Figure 4.7), on which the fault numbers are indicated. 
Values are determined by inference from measured fault throws, assuming fault dips of 30° and 60°. Total 
length of section is 88 km. 
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The analysis yields a range of B factors between 1.06 and 1.11, with 3 to 9 km of 
extension along the 88 km transect. These results can be directly compared with a 
subsidence transect made along a very similar line (utilising wells k_ l4, k_04, k_33 & 
k_30; Figure 4.3). The subsidence inversion results along these profiles have been used to 
calculate the overall amount of extension (Figure 4.8). 
0.200 ~------- -----------
0.160 -+----- -------
~ 0.120 -+-----------
~ 
~ 0.080 
0.040 
0.000 
0.00 30.80 39.80 
Distance along profile (km) 
86.00 
Figure 4.8: Plot used to calculate the amount of extension, E, along a north-south transect between wells 14 
and 30 (Figure 4.3). Eis equal to the area under the curve (shaded in grey). 
The total amount of extension predicted along this 86 km transect is 1 l.5 km (± 2.7 
km, assuming a conservative error in B of 0.04). This figure initially appears to be 
significantly greater than the extension of 3.0 to 8.9 km calculated above (Table 4.1). 
However, A~erman & Keller's (1979) transect across the Rome Trough is based on 
gravity data and well correlations alone and so cannot be expected to record all of the 
faulting present. Moreover, even if this transect were based on seismic data, a 
considerable underestimate of B factors would be expected. Marrett & Allmendinger 
(1992) showed that high quality seismic reflection data will yield estimates of B which 
can be underestimates of up to 60%, owing to the omission of faults with throws smaller 
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than the seismic resolution. An arbitrary correction, assuming that the gravity model in 
Figure 4.7 is missing up to 60% of~ (in common with seismic profiles) yields a range of 
~ between 1.10 and 1.17. This correction is likely to yield a minimum estimate, as the 
gravity model probably omits many more faults than a seismic profile. Taking this 
correction into account, the extension calculated from observed faulting is compatible 
with that predicted from subsidence analyses. Within reasonable errors, there is sufficient 
faulting to match the amount of stretching predicted by basement subsidence. 
Lithospheric extension therefore provides a plausible model for the early subsidence of 
the Rome Trough area. 
4.4 Regional Mapping of Extension 
A contoured map of Cambrian ~ across the Appalachian Basin (Figure 4.9) shows 
that stretching was mostly limited to the Rome Trough area of eastern Kentucky and West 
Virginia, where ~ factors greater than 1.16 occur. ~ factors across the remainder of the 
Appalachian Basin are generally low (generally less than 1.04). 
The continuation of the Rome Trough west of central Kentucky towards the Rough 
Creek Graben and the Reelfoot Rift is unclear (e.g. Milici & de Witt, 1988). A dramatic 
decrease in ~ factors along the strike of the Rome Trough is seen near the Lexington Fault 
(Figure 4.10), a north-south trending fault in central Kentucky that crosses the Rome 
Trough. Across this fault, ~ factors vary from as little as 1.03 on the footwall to 1.12 on 
the hanging wall. This difference is presumably a result of stratigraphic growth owing to 
syn-rift topography (Sawyer, 1986) inferring that the Lexington Fault was involved in 
Cambrian rifting. 
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Figure 4.9: Contour map of ~ in the Appalachian Basin. The question mark in northern West Virginia 
indicates the uncertainty in contouring ~ along the strike of the Rome Trough owing to lack of data. 
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Figure 4.10: Structure and selected ~ factors in Kentucky, showing the variation in ~ across the Lexington 
Fault. 
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Figure 4.10 shows that the Grenville Front, a Precambrian orogenic lineament, 
underlies the Lexington Fault. The Lexington Fault could therefore be an original 
Precambrian structure reactivated during Cambrian rifting. The occurrence of very low ~ 
factors to the west of the Lexington Fault. (e.g. ~ = 1.02 in well k_ 43) suggests that it 
marks the western limit of the Rome Trough. Walker et al. (1991) also suggested that 
north-south trending faults in the Rome Trough area were re-activated Grenville thrust 
faults. They thought however that these faults were reactivated in a strike-slip, not 
extensional, sense during Cambrian rifting. 
4.5 Post-Cambrian subsidence 
Subsidence analyses from the Appalachian Basin record two episodes of rapid 
subsidence after Cambrian rifting (e.g. Figures 4.4, 4.5, 4.6) . The first of these occurs at 
460-440 Ma (Middle/Late Ordovician) and the second event at 380-350 Ma (Middle 
Devonian to Early Mississippian). The absence of recognised normal faulting suggests 
that these events are not extensionally driven. It is more likely that these later episodes of 
rapid subsidence are related to collisional episodes on the Appalachian margin, as 
suggested by, for example, Quinlan & Beaumont (1984). In order to test this hypothesis, it 
is necessary to consider the timing of events on the Appalachian margin. 
4.6 Timing of the Taconian and Acadian Orogenies 
Detailed examination of the collisional tectonics of the Palaeozoic Appalachian 
margin of North America is beyond the scope of this dissertation. Only a brief discussion 
is given here with the aim of obtaining dates of tectonic activity to compare with the 
results of subsidence analyses. 
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The Taconian Orogeny is generally attributed to the collision of an island arc with 
the North American continent (e.g. Wehr & Glover, 1985; Stanley & Ratcliffe, 1985). It is 
best known in New England and New York State. It is difficult to trace rocks belonging to 
the orogen with any certainty south of Pennsylvania (Drake et al., 1989). Correlative 
events are reported as far south as Tennessee (e.g. Rodgers, 1971), but it is unclear 
whether these represent the Taconian Orogeny or a related collisional event. 
The Taconian Orogen occurred during the Middle and Late Ordovician (Drake et 
al., 1989). On structural grounds, Pavlides et al. (1968) placed the onset of the Taconian 
Orogen at the base of the Trenton (equivalent to the Plattin Formation, Middle Ordovician 
(457.5 Ma; Figure 4.2). Rast (1988) however suggested that the Taconian Orogeny 
commenced earlier, during the Llandeilo (468.6-463.9 Ma), and continued until the 
Caradoc (463.9-443.1 Ma). Whitehead et al. (1996) conclude, from geochronological 
evidence, that the peak of Taconian metamorphism in the Quebec Appalachians was at 
463 (± 4) Ma. A great deal of evidence suggests that the Taconian Orogeny continued 
through most of the Caradoc (e.g. Drake et al., 1989) and so the orogen can be dated, with 
some confidence, between 465 Ma and 445 Ma. 
The Acadian Orogeny is the second event in the collisional history of the eastern 
margin of North America. It resulted from collision between several terranes caught 
between North America and North Africa (Rast, 1988). An excellent account of the 
tectonic history and the stratigraphy associated with this orogen is given by Osberg et al. 
(1989). The orogen is best represented in the New England Appalachians, where 
Devonian cover overlies Taconian rocks and only minor post-Acadian tectonism occurred 
(Osberg et al., 1989). Acadian deformation is recorded as far south as Alabama, but is 
obscured by the overprinting of the Late Mississippian to Permian Alleghenian Orogen. 
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The timing of the Acadian Orogeny is problematic. A maximum age for peak 
metamorphism in New England is recognised by the presence of Emsian age fossils 
(390.4-386.0 Ma) in Chlorite Zones of New Hampshire (Osberg et al., 1989). Whitehead 
et al. ( 1996) report an 40 Ar/39 Ar date ( from muscovite, orthoclase and hornblende) for 
peak metamorphism of 377 (± 4) Ma in the Quebec Appalachians. Structural evidence is 
less clear cut: ages of deformation dated by cross-cutting relationships of intruded igneous 
rocks range between latest Silurian and Early Mississippian (Osberg et al., 1989). 
Absolute ages of orogenic events in the central and southern Appalachians are poorly 
constrained owing to insufficient exposure. Metamorphic age dates from Georgia range 
between 41 7 and 329 Ma, although most dates tend to fall between 400 and 360 Ma. 
Osberg et al. (1988) conclude from this patchy evidence that a prolonged history of 
deformation accompanied the Acadian Orogeny, continuing for roughly 40 Ma from about 
400 Ma (Early Devonian). 
4.7 Foreland Basin Subsidence 
The Taconian and Acadian Orogenies had a significant stratigraphic effect on the 
North American foreland. Besides forming uplifted areas which sourced a huge influx of 
elastic sediment onto the craton, the emplacement of thrust loads during the orogens led to 
flexure of the cratonic lithosphere and the development of the Appalachian foreland basin. 
Detailed studies of Appalachian Basin subsidence and stratigraphy during these orogenic 
events include Quinlan & Beaumont (1984 ), Dorobek & Read ( 1986), Hiscott et al. 
(1986), Hamilton-Smith (1993) and Deicchio (1993). This study is concerned only with 
identification of the timing of foreland basin subsidence events. 
Well wv_08 shows rapid subsidence at 460-440 Ma and 380-360 Ma; dates which 
are coincident with the Taconian and Acadian Orogenies respectively (Figure 4.4). The 
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transect across eastern Kentucky (Figure 4.5) does not clearly show the Acadian 
subsidence event, but the Taconian episode is evident (e.g. wells k_53 , k_25 and k_ J 8). 
The amount of water-loaded subsidence during the Taconian event increases towards the 
orogen (161 m in well k_53 compared with 258 m in well k_l8), although the values 
shown are minima, as continental lithosphere has demonstrable flexural strength during 
loading episodes. The subsidence transect parallel to the Appalachian margin de.~rb 
shows both flexural subsidence episodes (Figure 4.6). The Taconian Orogeny leads to 
much greater tectonic subsidence in New York State than in Kentucky (677 m in ny_ 14 
compared with 288 m in k_ l8). This reaffirms that the Taconian Orogen was centred in 
New York State (Drake et al., 1989). With the exception of two wells in West Virginia, 
little evidence is seen of the Acadian Orogeny (Figure 4.6) . Milici & de Witt (1988) report 
that the stratigraphic and structural effects of the Acadian Orogeny was less evident in the 
Appalachian Basin than those of the Taconian ; this statement is supported by the 
subsidence evidence shown here. There can be little doubt that the episodes of rapid 
subsidence observed in the well data result from the Taconian and Acadian Orogenies. 
4.8 Conclusions 
Subsidence analyses and their interpretation has demonstrated that rifting took place 
in interior areas of the North American craton during the Cambrian. Sufficient faulting 
exists to account for the amount of stretching predicted by the uniform lithospheric 
extension model. No evidence has been found to suppqrt a possible connection between 
the Rome Trough and the Reelfoot Rift. Ordovician and Devonian episodes of rapid 
subsidence correlate with the Taconian and Acadian Orogenies on the Appalachian 
margin. The greatest Taconian flexural subsidence occurs in the New York area. The 
effects of the Acadian Orogeny are much less evident in subsidence profiles. 
93 
Chapter 5: Illinois Basin 
5.1 Introduction 
The Illinois Basin is a classic intracratonic basin, occupying 155,000 km2 of Illinois, 
Kentucky and Indiana (Figure 5.1 inset). It is oval in plan and contains up to 7 km of 
sediments (Figure 5.1; Buschbach & Kolata, 1991). The mainly shallow marine 
sedimentary rocks range from Early/Middle Cambrian to Pennsylvanian in age. They are 
principally carbonates, but contain additional elastic material, particularly during the 
Cambrian period (Figure 5.2). These Palaeozoic sedimentary sequences unconformably 
overlie Precambrian granitic and rhyolitic rocks of l.5-1.4 Ga age (Bickford et al., 1986), 
and a possible Precambrian basin of similar age (Pratt et al., 1992). A number of 
structural zones, in the form of anticlinal and monoclinal belts, are observed on several 
trends through the basin and represent various Palaeozoic compressional episodes. In 
addition, a Cambrian rift has been recognised under the southern part of the basin (Figure 
5.3; Soderberg & Keller, 1981; Bertagne & Leising, 1991). The outline of the basin is 
commonly defined using a 150 m structural contour on the top of the Middle Ordovician 
Kimmswick Limestone Formation or its equivalents (Figure 5.1; Collinson et al., 1988). 
The origin of the Illinois Basin is controversial despite extensive study (see e.g. 
Heidlauf et al. , .1986; Kolata & Nelson, 1991b; Naimark & Ismael-Zadeh, 1995; Marshak 
& Paulsen, 1996). This controversy has been fuelled by several notable observations. For 
example, the sub-circular outcrop pattern is difficult to account for using classic basin 
models requiring lithospheric extension or flexure. Moreover, the subsidence of the basin 
is generaily considered to be anomalously prolonged, possibly requiring additional 
formational mechanisms. In this study a systematic, data-intensive analysis of basin 
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subsidence is presented in order to construct a testable model for the evolution of the 
Illinois Basin, which ties together all stratigraphic and structural elements. A stratigraphic 
and structural summary of the Illinois Basin is outlined below, along with a description of 
previous work, before the results of the extensive subsidence work carried out in this 
study are presented and their significance discussed. 
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Figure 5.1 (inset): Location of the Illinois Basin . (main figure) : Depth to Precambrian basement, illustrating 
the sub-circular shape of the Illinois Basin (modified from Buschbach & Kolata, 1991). 
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Figure 5.2: Stratigraphic overview of the Illinois Basin, illustrating the asymmetry of sequences and a 
composite sea-level curve, compiled from the references shown (Based on Buschbach & Kolata, 1991) 
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Figure 5.3: Interpreted seismic section from the Rough Creek Graben, showing significant growth during 
deposition of Cambrian stratigraphy (modified from Bertagne & Leising, 1991). 
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5.2 Structural Setting 
The principal structural features of the Illinois Basin area were described by 
Treworgy (1981) and are illustrated in Figure 5 .4. Several broad structural trends can be 
observed. In the southern part of the basin, in western Kentucky and southern Illinois, the 
east-west oriented Rough Creek-Shawneetown and Pennyrile fault systems form the north 
and south bounding faults, respectively, of the Rough Creek Graben, a Cambrian rift 
which underlies the Moorman Syncline (Soderberg & Keller, 1981; Braile et al., 1982). 
N 
t 
km 100 
,·-------------------- -----------------
/ Indiana 
Mississippi Embayment 
Figure 5.4: Principal structures of the Illinois Basin at surface (from Buschbach & Kolata, 1991; modified 
from Treworgy, 1981). Scale bar= 100 km. 
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The Rough Creek Graben lies at the northern end of the north-south orientated 
Reelfoot Rift, which underlies the Mesozoic and younger Mississippi Embayment (Ervin 
& McGinnis, 1975; Kolata et al., 1981). The Reelfoot Rift is a Late 
Precambrian/Cambrian rift connected to the (present day) southern cratonic margrn 
(Burke & Dewey, 1973). The southern and central parts of the Reelfoot Rift experienced 
considerable pre-Cretaceous uplift owing to vertical movements on the Pascola Arch 
(Atherton, 1971). On the same east-west trend as the Rough Creek Graben are the Cottage 
Grove and Ste. Genevieve structural belts. Paulsen & Marshak (1994) suggested that this 
east-west trend represents the local expression of their proposed Dakota-Carolina 
corridor, a continental-scale zone of probable Precambrian origin separating distinct 
crustal provinces. To the north of the Rough Creek Graben, many north-south oriented 
structures are observed, including the long La Salle Anticlinal Belt, the Du Quoin/Louden 
Belt, the Clay City Anticline and the Wabash Valley Fault Zone. Most of these structures 
represent fold belts activated at one or more times in the Late Palaeozoic and Mesozoic 
(Kolata & Nelson, 1991a). The Du Quoin/Louden Fold Belt separates the Sparta Shelf, an 
area of platform sedimentation through much of the Illinois Basin history, from the 
Fairfield Basin, where more basinal type sedimentation was experienced. Beside the 
principal structural trends outlined above, other important structures within the basin 
include the Sandwich and Plum River faults of northern Illinois, the Pittsfield Anticline 
and Cap au Ores Monocline of western Illinois and the scattered faults in Indiana (Figure 
5.3). 
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Figure 5.5: Stratigraphic profiles from southern Illinois Basin (south of Rough Creek Fault), including 
numerical ages and water depths used in subsidence analyses. Modified from Shaver et al ( 1985). 
Age dates derived from Harland et al. (1989). References quoted: (1) Collinson et al, 1988; 
(2) Treworgy, 1991; (3) Lineback, 1966; ( 4) Lane, 1978; (5) Devera & Hassenmueller, 1991; (6) Tissue, 
1977; (7) Mikulic, 1991 ; (8) Mikulic et al., 1985; (9) Rogers, 1972; (10) Kolata & Noger, 1991; 
(11) Sargent, 1991; (12) Droste & Shaver, 1983; (13) Willman & Buschbach, 1975. 
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5.3 Stratigraphic and Structural History 
5.3.1 Introduction 
The stratigraphic evolution of the basin is discussed in detail by Collinson et al. 
(1988) and Leighton et al. (1991) and only a brief summary is presented here. Figure 5.5 
shows the stratigraphy, details the main formations encountered and shows the dates and 
water-depths attributed to them in subsidence analysis. This stratigraphy is based on the 
area around the Rough Creek Graben and provides a sound basis for comparing 
stratigraphy elsewhere in the basin. It represents the deepest parts of the basin and has the 
most complete stratigraphy and the maximum variation in water-depths. Throughout this 
chapter, the super-sequences of Sloss (1963) are used as natural divisions of stratigraphy 
(Figures 5.2 and 5.5). 
5.3.2 
5.3.2.1 
Sauk Sequence 
LowerSauk 
Illinois Basin deposition started in Early/Middle Cambrian time, occurrmg 
exclusively within the Reelfoot Rift and Rough Creek Graben, and apparently associated 
with bright reflectors on seismic data that may be interpreted as rift-related volcanic rocks 
(Buschbach & Kolata, 1991). The rift complex formed as an embayment from the cratonic 
margin to the south during the Late Proterozoic and Cambrian periods as part of the 
process of super-continent breakup (Braile et al., 1982). No basement rocks have been 
penetrated by wells within the Rough Creek Graben and so knowledge of early 
sedimentation must be obtained from seismic data (e.g. Bertagne & Leising, 1991; Figure 
5.3). Sargent (1991) reports Early and Middle Cambrian rocks further south along the 
Reelfoot Rift with thicknesses of 780 m and 300 m respectively, and correlates these units 
with the Rome and Conasauga Formations of the Appalachian Basin. The detailed 
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stratigraphic record begins with the Mt. Simon Sandstone, a coarse grained to 
conglomeratic sandstone unit occurring across most of the Illinois Basin (Buschbach, 
1975). In most areas north of the Rough Creek-Shawneetown-Cottage Grove fault system, 
the Mt. Simon Sandstone directly overlies Precambrian basement, although some seismic 
evidence suggests that it is preceded by sediments of Precambrian or earlier Cambrian age 
under the La Salle fold belt (Sexton et al., 1986). In some areas, the Mt. Simon Sandstone 
was not deposited owing to the relief on Precambrian basement (Sargent, 1991). The Mt. 
Simon Sandstone is thickest on the hanging wall of the Rough Creek-Shawneetown fault 
system in western Kentucky. In this area, the Mt. Simon Sandstone and unnamed lower 
strata make up a seismically inferred thickness of lower Sauk sedimentary rocks in excess 
of 2,750m (9,000 feet) (Figure 5.6; Sargent, 1991). The distribution of lower Sauk 
sedimentary rocks is profoundly influenced by faulting in the Rough Creek Graben, as 
indicated by significant stratigraphic growth (Figure 5.3). Similar patterns are hard to 
detect elsewhere in the basin, where limited basement penetrations make isopach maps of 
deeper intervals speculative (e.g. Figure 5.6). 
A discussion of the evidence for Cambrian faulting in the Illinois Basin north of the 
Rough Creek Graben is given below (Section 5.6). A local depocentre was present in 
northeast Illinois where Mt. Simon sandstones are up to 750 m thick (2500 feet) (Figure 
5.6). The structural framework of this local depocentre is not known as it has only been 
identified by a small number of basement penetrations. This depocentre is not identifiable 
in overlying strata owing to uplift of the Kankakee Arch, The thinning of the Lower Sauk 
strata from 2750 m to 1220 m (9,000-4,000 feet) in south-west Kentucky reflects the loss 
of strata through uplift and erosion of the Pasco la arch (see later discussion, section 5.10). 
102 
CHAPTER 5: THE ILLINOIS BASIN 
0 km 100 
0 
0 
0 
.-' 
/,..,.. 
/0 
', __ J_/ 
• 
' 
' 
' 
• l 
; \ 
s:\\ 
Figure 5.6: Isopach map of Lower Sauk Sequence (Cambro-Ordovician) rocks (from Sargent, 1991). Large 
faults indicated bound the Rough Creek Graben and Reelfoot Rift. Dashed lines are .inferred faults (Section 
5.6). Contour interval = 500 feet (1000 feet in Reelfoot Rift). Black dots are wells used in this study. 
5.3.2.2 UpperSauk 
Deposition of the Eau Claire Formation and younger units of the Sauk sequence 
(Figure 5.5) was less influenced by faulting, although extension continued on some faults 
until latest Cambrian or Ordovician time (e.g. Figure 5.3). Moreover, structural activity on 
the Sparta Shelf (Du Quoin belt) and the Clay City Anticlinal Belt both affected 
deposition during Late Cambrian and Early Ordovician time (Sargent, 1991). 
The Upper Sauk contains significant amounts of siliciclastic rocks, especially in the 
north (i.e. towards source areas on the Canadian Shield). However, carbonate deposition 
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extended progressively northwards until it covered most of the Illinois Basin by the time 
the Potosi Dolomite was deposited (Collinson et al., 1988). The Eau Claire Formation 
onlaps onto Precambrian in those areas where the Mt. Simon Sandstone was absent and is 
much more uniform in thickness. It achieves its greatest thickness (>825 m) in the Rough 
Creek Graben of western Kentucky (Sargent, 1991). Deposition of the Knox Dolomite 
Group concluded with a regression and, following sub-areal exposure, a deeply eroded 
karst topography developed in the northern areas (Sargent, 1991). 
5.3.3 Tippecanoe, Kaskaskia and Absaroka Sequences 
Deposition was probably continuous across the Sauk-Tippecanoe boundary in the 
south of the Illinois Basin, as marked by the Everton Dolomite. In the north the 
unconformity is followed by the St. Peter Sandstone, a unit of shallow marine sands 
(Kolata & Noger, 1991) that covers the Illinois area almost uniformly, although it thickens 
locally into pre-existing karst topography (Collinson et al., 1988). In the south, the 
Dutchtown Limestone, a lateral equivalent of the St. Peter Sandstone, represents more 
distal but shallow (0-50 m depth range) marine conditions. The succeeding formations 
(e.g. the High Bridge Group) were dominated by carbonates throughout the Champalian 
(Figure 5.5). Towards the end of Blackriverian time, a number (up to 13) of K-bentonites 
(volcanic ash beds) record the onset of collisional activity on the Appalachian margin. 
These thin horizons are important markers for stratigraphic correlation over much of the 
North American Interior. 
The Cincinattian Maquoketa Group represents an influx of fine elastics from 
terrigenous sources in orogens of the Appalachian margin and thickens eastwards (Figure 
5.7). This unit is followed by a basin-wide unconformity associated with a glacio-eustatic 
fall in global sea-level (Berry & Boucot, 1973). 
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Figure 5.7: Thickness (in feet) of the Ordovician Maquoketa Group (from Kolata & Noger, 1991 ). 
Complete submergence of the Illinois Basin did not recur until Early Silurian time. 
Carbonate banks developed through Silurian time, with shallow carbonate platforms in 
central Illinois and Indiana giving way to deeper marine conditions in southern Illinois 
and western Kentucky. The regression associated with the top Tippecanoe unconformity 
led to widespread erosion on the carbonate banks, but no unconformity is observed in the 
south (i .e. in the deeper basin overlying the major ancestral rift structures). 
At the time of the sub-Kaskaskia unconformity, some active faulting occurred in the 
basin, with tilting of the Sparta Shelf and movement on the Ste. Genevieve, Rough Creek 
and Pennyrile faults systems (Collinson et al., 1988). During the middle Erian 
(Devonian), another series of K-bentonites occur, recording the Acadian Orogen on the 
Appalachian margm. Early Kaskaskia sedimentation was confined to the centre of the 
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basin with deposition of units such as the Dutch Creek Sandstone, which were sourced 
from the exposed shelf areas. The continuing Kaskaskia transgression submerged the 
slopes and shelves. The deeper basin in the south has a marked shallowing up sequence, 
as demonstrated by the Jeffersonville Limestone, which steadily progresses from deep 
marine limestones to sabkha deposits (Devera & Hassenmueller, 1991). 
Following post-Kaskaskia withdrawal, the Illinois Basin gradually submerged again, 
and the Absaroka sequence is typified by cycles of fluvial, deltaic and shallow marine 
sediments. Deformation occurred in many areas, with uplift of the La Salle Anticlinal 
Belt, the Du Quoin Monocline and the Louden Anticlines (Atherton, 197 1). Reverse 
movement is apparent on the Rough Creek-Shawneetown fault system during Early and 
Middle Pennsylvanian time (Nelson & Lumm, 1984). 
5.4 Previous work 
A number of authors have recognised extensional events in the early history of the 
Illinois Basin (e.g. McGinnis et al, 1976; Braile et al., 1982; Braile et al., 1986). The 
presence of rift structures such as the Rough Creek Graben provide clear evidence of such 
extension. However, the nature of this rifting, the extent to which it accounts for total 
Palaeozoic basin subsidence and the the circular shape of the basin all remain 
controversial.. As possible mechanisms for the evolution of intracratonic basins were 
discussed in Chapter 1, this section will deal only with specific details of the models that 
have been applied to the Illinois Basin. 
Sleep et al. (1980) were the first to propose a subsidence mechanism for the Illinois 
Basin, suggesting that thermal perturbation of the lithosphere during the Cambrian 
resulted in subsidence through most of the Palaeozoic. This model compared favourably 
with subsidence in two wells in southern Illinois. A second, Mississippian, thermal 
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subsidence event was required to fit the data. Heidlauf et al. (1986) analysed subsidence 
using three wells in the south of the basin (including the two of Sleep et al., 1980) and 
concluded that Cambrian rifting was succeeded by thermal, or post-rift, subsidence, which 
continued through most of the remainder of the Palaeozoic. Using the lithospheric 
stretching model of McKenzie (1978), Heidlauf et al. (1986) calculated ~ (stretching) 
factors of around 1.4 (Figure 5.8). This work, restricted to the Rough Creek Graben area, 
cannot explain subsidence across the whole Illinois Basin. 
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Figure 5.8: Tectonic subsidence curve of Heidlauf et al. (1986), with theoretical ~ curves, for Exxon Choice 
#1 Duncan well of west Kentucky (well k_60 of this study). 
Braile et al (1982), De Rito et al. (1983) and Braile et al. (1986) proposed that post-
Middle Ordovician subsidence was driven by the flexural effects of a lower crustal 
isostatically-uncompensated load. This load was generated by mantle melt during 
Cambrian rifting _ and is flexurally supported by the strength of the lithosphere. However, 
during collisional events on the Appalachian margin, significant increases in intraplate 
stresses were inferred to result in a reduction in the flexural rigidity of the lithosphere and 
the load would subside, causing increased sedimentation rates in the basin. Kolata & 
Nelson (1991a) examined subsidence in a single well in western Kentucky and interpreted 
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early steep subsidence as the rift and post-rift periods, and shallower subsidence thereafter 
as the effect of an isostatically uncompensated mass (Figure 5.9). 
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Figure 5 .9: Water loaded subsidence profile and interpretation from Kolata & Nelson (1991 b), using the 
Duncan well of west Kentucky (well k_60, this study). 
A variation on the crustal point-loading model involves metamorphic phase changes 
from less to more dense rocks in the lower crust. The less dense precursor rocks are 
presumed to be products of mantle melting. This model was first proposed by Haxby et al. 
(1976) for the Michigan Basin and modified by Fowler & Nisbet (1985) for the Williston 
Basin. In both cases the proposed phase change was gabbro to eclogite. Naimark & 
Ismael-Zadeh (1995), suggested that an eclogite lens, formed by a modification of the 
phase change model, would slowly subside owing to non-Newtonian rheology creep 
effects in the lower crust and applied their work to the Illinois Basin. Naimark & Ismael-
Zadeh (1995) supported their hypothesis by showing that the results from their model 
closely fitted a subsidence curve published by Heidlauf et al. (1986) . 
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5.5 Geophysical Modelling. 
A database of 82 wells has been compiled from the open files of the Illinois, Indiana 
and Kentucky State Geological Surveys and from Leighton et al. (1991) (Figure 5.10). 
Backstripping and inverse modelling of subsidence has been applied to all of these wells. 
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Figure 5.10: Location of the 82 wells in the Illinois Basin area used in this study. A-A' = seismic section 
(Figure 5.5); B-B' = seismic profiles (Figures 5.16 and 5.17); C-C' = well correlation (Figure 5.15). 
The Exxon Choice, #1 Duncan well (k_60; located in Figure 5.10) forms an ideal 
starting point for a study of subsidence in the Illinois Basin, as it has been the focus of 
previous studies (Heidlauf et al. , 1986; Kolata & Nelson, 1991b), allowing useful 
comparison of results to be made. 
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Figure 5.11: Final strain rate distribution for well k_60, with good fit to observed water loaded subsidence. 
The completed subsidence history plot for well k_60 is shown in Figure 5.11. 
Subsidence is extremely rapid in the early stages (Middle-Late Cambrian), but slows 
significantly by the end of the Late Cambrian, and continues at a decreasing rate until 350 
Ma (Mississippian) when a deviation from the smooth subsidence path is observed. All 82 
wells studied in the Illinois Basin and surrounding areas show the same pattern of rapid 
Early Cambrian subsidence followed by much slower post-Cambrian subsidence. 
Inversion of subsidence data for extensional strain rate generates the· model subsidence 
path and the strain rate profile shown, characterised by a single Cambrian peak. The strain 
rate rises from zero in the Middle Cambrian to approximately 20.0 Ga- ' (l0- 15s- 1) before 
falling to <1.0 Ga-1 (10- 18s-1) by the end of the Cambrian. This strain rate profile indicates 
that the subsidence observed in k_60 can be explained by a single episode of extension in 
the Late/Middle Cambrian. The minor deviation from this pattern at 350 Ma will be 
discussed in section 5.9. 
There is independent evidence to support an extensional origin of the observed 
subsidence in k_60. This well is positioned on the hanging wall block of the Rough Creek 
fault, which shows significant amounts of Cambrian extension and little post-Cambrian 
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growth (Figure 5.3). This interpretation of the subsidence in k_60 (Figure 5.11) should be 
compared with the interpretations of Heidlauf et al. (1986) and Kolata & Nelson (1991b) 
(Figures 5.8 & 5.9 respectively). 
Results from 5 other wells in the 11linois Basin are shown in figure 5 .12. The 
amount of stretching varies, but in each well rapid Cambrian subsidence is followed by 
later, more gradual subsidence until Mississippian time. In all cases, subsidence data can 
be inverted for extensional strain rate, identifying a Cambrian rift (single extensional 
strain rate peak). Extensional strain rate peaks of up to 15 Ga-' (4.8 x 10- 16s- 1) are inferred. 
All 5 profiles indicate that subsidence can be explained by Cambrian rifting. Therefore, it 
is proposed that Cambrian rifting is the principal cause of Palaeozoic subsidence of the 
Illinois Basin. Secondary events observed in a number of subsidence profiles are 
discussed in section 5.9 
5.6 Independent evidence for a Cambrian rift event 
The hypothesis that Cambrian rifting accounts for the entire subsidence history of 
the basin (excluding small deviations) raises two questions that require resolution. First, is 
there sufficient normal faulting to accommodate Cambrian extension and secondly, why 
does the basin now have a circular outline? This section will consider evidence for 
Cambrian extension and the latter issue will be discussed in section 5.10. 
Upper crustal extension is evident in the southern part of the basin where significant 
growth has been recognised across faults bounding the Rough Creek Graben (Figure 5.5). 
It would be unreasonable, however, to propose that extension in the Rough Creek Graben 
accounts for rapid subsidence in northern Illinois, up to 500 km from the Rough Creek 
Graben. Therefore, it is necessary to seek evidence of additional faulting throughout the 
11 
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basin area. The limited amount of seismic data away from the Rough Creek Graben makes 
identification of faulting difficult. 
This problem can be approached by examination of the numerous Palaeozoic fold 
belts in the Illinois Basin (Figure 5.4). Marshak & Paulsen (1996) proposed that these fold 
belts, common throughout the North American continental interior, originated as normal 
faults during Late Precambrian/Cambrian rifting. In particular the La Salle Anticlinal Belt 
was suggested as representing an Early Cambrian rift along which structural inversion 
subsequently occurred (Figure 5.13). This suggestion followed the ideas of Denison et al. 
(1984), who proposed that gravity anomalies in north-eastern Illinois delineate 
Precambrian structures under the La Salle Anticlinal Belt. Faulting may be evident from 
variations in thickness of basal Cambrian sandstones across such fold belts. Isopachs 
show areas in which the Lower Sauk sequence is anomalously thin or absent (Figure 5.6). 
These local palaeo-highs appear as small circles on the isopach map (an expression of 
local penetration of basement by single wells) and occur close to several large fold belts. 
Significant local stratigraphic growth appears to occur between these palaeo-highs and 
proximal wells situated across fold belts. This observation may be taken as evidence in 
support of Marshak & Paulsen's (1996) hypothesis. 
Two specific examples clearly illustrate Cambrian stratigraphic growth across 
structures underlying later Palaeozoic fold belts. Consider wells il_30 and il_31 in 
western Illinois, which lie 14.4 km apart (Figure 5.10). Well il_31 occupies a Cambrian 
palaeohigh position where rocks of the Eau Claire Forrn~tion (Upper Sauk) lie directly on 
Precambrian basement, represented on the Lower Sauk isopach as a local high. Well il_30 
lies to the northwest of i1-.31 and has a more complete sequence, with Mt. Simon 
Sandstone overlying the basal unconformity. 
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Figure 5. 13: Interpreted structure of proposed Cambrian La Salle rifts under La Salle Anticlinal Belt (from 
Marshak and Paulsen, 1996). 
These two boreholes are separated by the Pittsfield anticline (Figt1res 5.4 and 5.6), a 
fold structure activated during the Mississippian as was the Cap au Ores belt to the south 
(Treworgy, 1981). The presence of a linear structural trend across which substantial 
growth of strata occurs during the Cambrian, a time of active rifting, suggests that a 
normal fault acting on this trend during the time of that rifting. Figure 5.14 shows a well 
correlation between wells il_30 and il_3 l with the inferred fault between them and 
subsidence analyses for each well. The syn-rift stratigrap~ic growth between the two wells 
results in a local increase in the amount of calculated stretching. Such local variation in ~ 
is a predicted consequence of active syn-rift topography (Figure 2.15; Sawyer, 1986). 
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Figure 5.14: Correlation between wells i1_30 and il_31 with inferred fault and subsidence analyses for each 
well (modified from Adkinson, 1966). See Fig. 5.10 for locations. 
A second, more pronounced, example of Cambrian stratigraphic growth across Late 
Palaeozoic fold belts is seen between wells il_lO and il_ l 1, in south central Illinois. Well 
il_ l O occupies the Sparta Shelf whereas il_l l is located approximately 20 km away, 
within the Fairfield basin (Figure 5.10). Although these two areas are termed shelf and 
basin owing to stratigraphic differences between them, little attention has been paid to 
possible structural reasons for the distinction. The two are separated by the Du Quoin 
Monocline, the small Salem Anticline and, to the north, the Loudon Anticline; structures 
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which grew in the Mississippian and later times. In well il_l 0, the Mt. Simon Sandstone 
is absent and the overlying Eau Claire Formation is only 104 m thick. In well il_ 11 , 
Precambrian basement is overlain by 228 metres of Mt. Simon Sandstone and 248 m of 
Eau Claire Formation (on well correlation, Figure 5.15). Well il_lO is the cause of the 
small circular outline of exposed Precambrian topography on the Lower Sauk isopach 
(Figure 5.6). As in the first example above, Cambrian stratigraphic growth across a 
Mississippian fold belt indicates that the fold belt overlies an earlier normal fault system 
and, as such, probably represents reactivation of that fold system. The Du Quoin fault 
therefore marks the western boundary of the Fairfield Basin. Marshak & Paulsen (1996) 
placed the Fairfield Basin at the southern end of a proposed Cambrian rift belt centred on 
the La Salle Anticlinal Belt (Figure 5 .13). The well correlation in Figure 5 .15 crosses the 
Fairfield Basin and incorporates the results of 7 further subsidence analyses. This 
interpreted section assumes that the principal fold structures mapped at surface 
(Treworgy, 1981) overlie Cambrian extensional faults. The most marked ( and the best 
constrained) stratigraphic growth occurs across the Du Quoin fault, the_ boundary between 
the Sparta Shelf and the Fairfield Basin, where ~ factors rise from 1.08 (well il_lO) to 
1.13 (well il_ll). The inference that folds overlie earlier faults provides a bare minimum 
estimate of the actual number of faults present (and the amount of extension). Only a 
s 
small proportion of fault"are likely to experience reverse movements causing buckling of 
overlying strata during basin inversion events. For example, in the Mesozoic Dorset Basin 
of southern England, less than 25% of faults with Trias.sic-Jurassic stratigraphic growth 
were inverted during Tertiary (Chadwick, 1993; Butler, in press). 
The Lower Sauk isopach map highlights a number of other areas where the Mt. 
Simon Sandstone is absent (note zero contour circles in southern Illinois; Figure 5.6)). In 
particular there are three such features in a north-south line running south from well ii_ 10 
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and along the trend of the Du Quoin Anticline, which represent other well tests of the 
same possible footwall high encountered by il_lO above. Hence an elongate zone of 
footwall uplift is inferred on the western side of the Du Quoin Anticline. Further 
palaeohighs are observed to the east of the Du Quoin trend, close to the Clay City 
Anticline (Figure 5.4). In the cross section, well il_04 occupies the more northerly of the 
two highs where a thin Mt. Simon Sandstone is recorded (Figure 5.15). To the south, weJI 
0 +h. " 
il_05 demonstrates that the Eau Claire Formation lies"basement, with no Mt. Simon 
Sandstone present. Given the proximity of these two wells to the Clay City Anticline and 
drawing from the examples above, it is proposed that these two wells occupy uplifted 
footwall positions on a Cambrian normal fault. Subsidence analysis of well il_05 
suggested a ~ factor of 1.10, less than the factors of around 1.14 found in other wells in 
the area, making contouring of ~ factors difficult (Figure 5.20). It is suggested that this 
low ~ factor may again be a result of a footwall position of the borehole. 
It is possible that the palaeohighs cited as evidence for Cambrian faulting may 
simply reflect genuine pre-existing Precambrian topography. This inference is 
demonstrably the case at outcrop in south-east Missouri where the Lamotte Sandstone (a 
Mt. Sirnon Sandstone equivalent) onlaps onto Precambrian hills in the Ozark Dome 
(Figures 5.4; Houseknecht & Etheridge, 1978). Such an explanation is, however, I 
considered unlikely in the examples cited above given the coincidence with later active j I 
structural trends and the likelihood that these are underlain by older structures. Moreover, / 
the band of palaeohighs along the Du Quoin and Clay, City structural belts indicates a I 
single elongate feature, which is most easi ly explained as an area of footwall uplift behind 
a normal fault (Figure 5.6). 
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Claire Dolomite (After Sexton et al., 1986). 
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Some seismic reflection evidence does exist to suggest the presence of faulting 
north of the Rough Creek Graben. Profiles in the Wabash Valley Fault Zone of south-
eastern Illinois and southern Indiana show highly faulted Precambrian basement and 
resulting growth of stratigraphy (e.g. Figures 5.16 and 5.17). Sexton et al. (1986) used a 
synthetic seismogram from a nearby well to correlate reflectors. Seismic data show this 
well occupying a footwall high position adjacent to a fault (a suggestion given by Sexton 
et al., 1986) and as a result Precambrian basement is overlain by Eau Claire Dolomite. No 
Mt. Simon Sandstone or older strata were penetrated and so no age could be assigned to 
the seismically identified syn-rift rocks, although an intra- or pre-Cambrian in age was 
suggested. 
A nearby COCORP (Consortium for Continental Reflection Profiling) profile shows 
no evidence for Cambrian rifting (Pratt et al., 1989). This absence is unsurprising as this 
COCORP profile was acquired to 20 seconds depth and shows little detail of the top 2 
seconds. It also lies about 25 km to the north of, and has a 5 km data gap along strike 
from, the seismic data of Sexton et al. (1986). Nelson (l 990) concludes from the 
I 
111/ 
COCORP data that the Wabash Valley faults observed at the surface "die out at depth" . I/ 1 
This conclusion is difficult to reconcile with the data (Figures 5.16 and 5.17). Nelson 
(l 990; 1991) and Pratt et al. (1989) also state that the rift strata observed by Sexton et al. 
(l 986) is of Precambrian age and are not involved in Cambrian rifting. As discussed 
above, there is no information to date these rocks. Given that 2 km of growth of Cambrian 
syn-rift strata occurs across the Rough Creek fault (approximately 40 km south of Sexton 
et al. 's (1986) data), a Cambrian age for the normal displacements on the Wabash Valley 
faults is likely. 
An independent estimate of the amount of extension can be made by comparing the 
lengths of the basement reflector on successive fault blocks against the overall length of 
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the seismic profile. This has been attempted for the seismic profile in Figure 5 .16, and 
yields a ~ estimate of 1.07. When compared with well il_15 (the nearest well to Figure 
5.16) in which subsidence analysis records a ~ estimate of 1.13, this factor seems 
extremely small. Marrett & Allmendinger (1992), however, report that small faults (i.e. 
those unsampled on seismic data) take up between 25% and 60% of overall extension and 
hence ~ factors calculated from seismic data are expected to be minima. In the case of the 
seismic section in Figure 5.16, ~ may be rounded up to between 1.08 and 1.11 (taking 
Marrett & Allmendinger's (1992) 25% and 60% values respectively), coming closer to 
agreement with those predicted in subsidence analysis. 
The above discussion indicates that Cambrian extension was widespread and not 
limited solely to the major rift structures of the Reelfoot Rift and Rough Creek Graben. 
Extension has been documented across the Pittsfield structure (western Illinois), the Du 
Quoin Fault, the Clay City Fault and faults of the Wabash Valley Fault Zone. In addition, 
Kolata et al. (1978) thought that the Sandwich Fault Zone of northern Illinois represented 
the southern margin of a Cambrian graben, although this suggestion is· not supported by 
the map of extension presented below (Figure 5.20). 
5.7 Crustal thickness in the Illinois area 
Information on crustal thicknesses in the Illinois area is sparse. Results of deep 
seismic refraction studies tend to be restricted to the south, around the Reelfoot Rift areas. 
Braile et al. (198 1) reported on the results of eight surveys in and around the Wabash 
Valley area of southern Indiana and southeastern Illinois. A profi le through southern 
Indiana was interpreted as showing a crustal thickness of 39.5 km with a basal crustal 
layer having a velocity of 7.06 km/sec. Across southern Illinois, consistent Moho depths 
of 39.0 km were reported, with basal layer velocities of 6.78 km/sec. Mooney et al. (1983) 
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conducted a seismic refraction survey over the Reelfoot Rift in the Pascola Arch area. A 
model for crustal structure was derived from this work which inferred a top (Mesozoic 
and Tertiary) layer with velocities of 5.9 km/sec, a second sedimentary layer with 
velocities of 4.9 km/sec (interpreted as Palaeozoic syn-rift shales), crystalline upper crust 
(6.2 km/sec), lower crust (6.6 km/sec) and modified lower crust (7 .3 km/sec). The mantle 
had a compressional wave velocity of 8.0 km/sec and the depth to the Moho was 
approximately uniform at 45.0 km (Figure 5.18). 
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Figure 5.18: Crustal structure model derived from seismic refraction data under Mississippi Embayment 
(from Mooney et al., 1983). Numbers refer to seismic velocities (in km/sec). Profile located in Figure 5.1 
The flat lying Moho at a depth equivalent to that found in regions not affected by 
Cambrian rifting (e.g. 42 km in central Missouri; Stewart, 1968) is intriguing, as the area 
studied by Mooney et al. (1983) is known to have been subject to several episodes of 
extension. Therefore thin crust would be expected and it Js unclear why this is not so. The 
fact that up to 7 km of Palaeozoic strata overlie this flat Moho indicates that the crust has 
actually thinned considerably (equivalent to ~ = 1.2). This thinning is likely to be the 
cumulative result of extension during the Cambrian, Permo-Triassic and Cretaceous. The 
uplift of the Pascola Arch is likely to have involved thermal perturbation of the 
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lithosphere and the emplacement of igneous intrusive material, adding further complexity 
to the velocity structure of the Reelfoot Rift area (discussed in Section 5.9). It is possible 
that the modified lower crust has higher velocities owing to extensive intrusions of mantle 
material. 
The COCORP profile across southern Illinois and Indiana is of little use m 
determining crustal thickness (Pratt et al. , 1989). A very weak Moho reflection 1s 
speculatively picked at about 15 seconds twtt under the Fairfield Basin and about 16 
seconds under south central Illinois. Hence some thinning occurs along this transect 
(equivalent to a P factor of 1.1 , taking Phanerozoic strata into account). Whilst this result 
is not dissimilar to the results of subsidence analyses, the poor quality of the Moho 
reflection means this result should be treated with caution. 
5.8 Regional distribution of Cambrian extension 
Having established that Cambrian rifting formed the Illinois Basin, consideration 
can be given to the amount of extension and to the regional distribution of p factors 
within the basin. An estimate of the total amount of stretching has been made using the 
rearranged equation for calculating extension (Equation2.8) applied to a regional transect 
oriented close to the line of maximum extension (and perpendicular to the axis of 
maximum extension) across the La Salle Belt. The transect is based on line C-C' in Figure 
5.10, but is extended eastwards through Indiana to incorporate wells in_30 and in_ 4 1. The 
resulting plot is shown in Figure 5.19. Along the 5Q8 km transect, the amount of 
extension calculated is 46.7 km (± 12.9 km, assuming an error of 0.03 in subsidence 
calculations). 
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Figure 5.19: Plot used to determine the amount of extension (the area under the curve) along an east-west 
transect through Illinois and Indiana. The transect is located in Figure 5.20. 
A contoured map of~ is presented in Figure 5.20, along with the individual results 
from each well. Although the contours are of course approximate (given the sampling 
spacing), a number of features are worthy of note. Within the Rough Creek Graben, 
stretching factors are considerably greater than over the rest of the Illinois Basin area. ~ 
factors of up to 1.18 are recorded, although no well within the graben penetrates 
basement. A composite section has been compiled for well k_60, with an estimate of 
lower Sauk thickness taken from Sargent (1991). This analysis results in a~ factor of 1.26 
(Figure 5.21). The profile shows a large ratio of syn-rift to post-rift subsidence and the 
inversion process has not been able to produce as good a fit to the data at the end of the 
rift period (cf. Figure 5.11). This discrepancy is a predicte,d topographic effect (Sawyer et 
al., 1986) and is attributable to the position of this well on the hanging wall of the Rough 
Creek Fault. High factors of stretching are expected to continue south along the Reelfoot 
Rift, given the structural evidence for rifting under the Mississippi embayment (Kolata & 
Nelson, 1991a). The rapid thinning along the Lower Sauk isopach leads to the prediction 
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that P factors will fall rapidly along an eastern transect through the Rough Creek Graben 
(Figure 5.6). 
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Figure 5.20: Contoured map of stretching factor(~) during Cambrian rifting of Illinois Basin area. The band 
of high extension through eastern Illinois supports the hypothesis that the La Salle structural belt overlies a 
Cambrian rift. 
To the north of the Rough Creek Fault Trend, high factors of P are recorded in the 
Fairfield Basin, with factors of up to 1.1 3. The p factor of 1.10 for well il_05 is likely to 
be a minimum one resulting from a footwall location. On the Sparta Shelf, west of the 
Fairfield Basin, factors of p fall to around 1.04, indicating significantly less extension in 
this area. The high factors of p in the Fairfield Basin continue in a elongate northwards 
trend through eastern Illinois and mimicking the trend of the La Salle Anticlinal Belt. This 
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belt of higher~ factors continues northwards until ending abruptly against the northwest-
southeast trending Sandwich Fault Zone of northern Illinois. Insufficient well data are 
available to constrain contours to the west of this belt but ~ factors in wells to the east in 
Indiana quickly fall to around 1.06, indicating that the belt of greater extension is quite 
narrow. Therefore, it is suggested that the La Salle Anticlinal Belt overlies a zone of 
relatively great Cambrian extension (i.e. the La Salle rift belt of Marshak & Paulsen 
(1996)) . In northeast Illinois and northern Indiana on the Kankakee Arch, a small 
additional belt of higher extension is recorded and extends north-eastwards, an 
observation that will be noted in the Michigan Basin chapter. 
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Figure 5.21: Final strain rate distribution for well number k_60 given an interpreted full Cambrian sequence. 
See Figure 5.5 for structural position and illustration of missing stratigraphy. 
5.9 Post Cambrian subsidence events 
The Palaeozoic subsidence of the Illinois Basin is· a result of extensive Cambrian 
rifting. However several minor subsidence events which cause deviations from the 
predicted post-rift subsidence path have been identified and need to be discussed. 
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Figure 5.22: Subsidence profile from well in_32, northeastern Indiana, illustrating a second rapid subsidence 
event in the Late Ordovician. This subsidence is believed to be a result of lithospheric flexure during the 
Taconian orogeny and is not modelled for extensional strain rate (Chapter 4). 
A number of wells in Indiana show a pronounced subsidence event at around 460 
Ma, with more than 200 m of tectonic subsidence in excess of that predicted owing to 
post-rift thermal decay (e.g. in_32; Figure 5.22). These Indiana wells occupy a position on 
the Cincinnati arch to the east of the Illinois Basin. As such, they are much closer to the 
cratonic margin and are susceptible to the flexural effects of Appalachian orogens 
(described by Quinlan & Beaumont, 1984). The isopach of the Late Ordovician 
Maquoketa Group progressively thickens to the east, reaching thicknesses of over 305 m 
(1000 feet) in Ohio, and thins westwards to about 122 m (400 feet) in western Indiana 
(Figure 5.7). West of this contour, the isopach has a shallower gradient. The 122 m (400 
foot) contour roughly coincides with the eastward boundary of the area in which wells 
exhibit a substantial Late Ordovician deviation from the predicted post-rift subsidence 
path. This subsidence episode is the same as that rn the Late Ordovician of the 
Appalachian Basin (Taconian orogeny; Chapter 4 ). 
Several wells, further west in the Illinois Basin, record slightly increased rates of 
subsidence during the Late Ordovician at around 460 Ma (e.g. wells il_l4 and il_lO; 
Figure 5 .15). The maximum magnitude of the deviation is about 150 m (tectonic 
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subsidence) but is sufficient to register as a minor extensional episode when inverting for 
subsidence data. The deviations are smaller than those on the Cincinnati Arch and the 
distribution of wells recording deviations is patchy. For example, well il_10 (near the Du 
Quoin Fault) records the deviation whilst wells i1_04 (near Clay City Fault) and i1_15 
(near La Salle Fault), which lie approximately 90 km and 130 km (respectively) to the east 
(closer to the Appalachians), do not (Figure 5.15). From this patchy distribution of extra 
subsidence, it is likely that minor movements on some faults accompanied orogenic 
intraplate stresses whilst other faults remained undisturbed. Local movements on faults 
create local additional accommodation space and explain the patchy distribution of 
additional subsidence in the Illinois Basin. For example, Nelson (1991) cites evidence of 
movements at the northern end of the La Salle Belt and corresponding variations in the 
thickness of the Maquoketa Group. 
A second episode of rapid subsidence is observed at around 345 Ma (Late 
Devonian/Early Mississippian) in a number of wells (e.g. il_l l; Figure 5.15). Once again, 
the magnitude of the deviation from the predicted post-rift subsidence path is small but 
significant. About 150 m of tectonic subsidence is recorded in well il_l l between 345 and 
335 Ma (the same amount of tectonic subsidence as observed in the preceding 65 Ma). 
The deviation occurs at the same time as the third subsidence event in the Appalachian 
Basin, and an orogenic cause must be again be considered, in this instance the Acadian 
orogeny (Chapter 4). This subsidence episode was recognised but not explained by 
Heidlauf et al. (1986). Sleep et al. (1980) inferred a second rift event to account for this 
subsidence whereas Quinlan & Beaumont (1984) attributed it to lithospheric flexural 
effects with thrust loading. Fault evidence from the Rough Creek Graben argues for an 
extensional event in that area, with thickening of Late Devonian strata into the Rough 
Creek Graben across both the north and south bounding faults systems (Kolata & Nelson, 
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1991a). Other structural activity is noted on the Ste. Genevieve Fault Zone and faults 
around the Sparta shelf (Kolata & Nelson, 1991a). Extensional (or transtensional) events 
related to the Alleghenian orogen provide a reasonable explanation for the small 
deviations in predicted subsidence. Such extension could quite adequately explain the 
small amount of extra tectonic subsidence observed. On the Cincinnati Arch, the 
increased subsidence would appear to be of flexural origin, as in the Appalachian Basin 
(Chapter 4) . 
The possibility that later subsidence events accommodated additional overburden 
that was subsequently removed may effect the subsidence results above. Such denudated 
overburden will have had a compaction effect on the sections analysed and it is important 
to test the significance of such compaction. Crowley (1991) showed that around 2 km of 
denudation occurred in the Michigan Basin and Zimmerman (1986) concluded that up to 
3 km of rocks have been stripped off northern Illinois, mostly during the Tertiary. Both 
workers used apatite fission track analysis to come to these conclusions. An error analysis 
has been carried out on well k_60, assuming that an additional 2 km of sedimentary rocks 
were deposited in the Late Mississippian and Pennsylvanian . Subsidence analysis was 
carried out on the corrected section, but the form of the resulting plot remains the same 
(Figure 5.23). A slight increase in the amount of water-loaded subsidence is observed, and 
modelled ~ increases from 1.19 to 1.20. It is concluded, therefore, that the missing 
overburden has little effect on the subsidence results of this study. No attention has been 
paid to the cause of denudation of the eastern interior. 
5.10 Why is the Illinois Basin Circular? 
So far, thi s chapter has concluded that the Illinois Basin subsided as a result of Cambrian 
rifting, that adequate normal faulting exists and that later subsidence events were both 
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minor in magnitude and explicable in terms of collisional tectonics on the Appalachian 
margin. However, it is still necessary to explain the circular shape of the basin. 
O.O -+--=-J>C__:,,c__i_~____,()=--------i...--=-S_L_l)e=.......J..._1\.f"'--'--=-'-'J>"----1-
1 
2.0 -+---~--.------,-------,-------,---+ 
600 500 400 300 
Time(Ma) 
J>C £ () S I) 1\.f J> 20.0 
Beta = 1.20 r.n 
r-+ 
8 s· 
10.0 ~ 
+--~----""I"-,'· ""'--"""'fill"'--,---~-+ 0.0 ~ 
600 500 400 300 
Time (Ma) 
Figure 5 .23 : Analysis of the effect of adding 2 krn of Late Mississippian and Pennsylvanian overburden to 
well k_60. The grey error bars indicate the original water-loaded subsidence and the black error bars show 
the slightly expanded section resulting from the compaction effects of the additional overburden. 
The absence of evaporites m the Illinois Basin, such as those present in the 
Michigan Basin, indicates that the seaway to the cratonic margin, along the line of the 
Reelfoot Rift, was open throughout most of Illinois Basin history. The ·connection via the 
Reelfoot Rift was only closed following uplift of the Pascola Arch, which must have 
occurred at some time between last sedimentation in the main Illinois Basin 
(Pennsylvanian) and before the Cretaceous, when renewed sedimentation occurred in the 
Mississippi Embayment (Figure 5 .4; Kolata & Nelson, 1991 a). As early as 1971 , Atherton 
recognised that uplift of the Pasco la Arch resulted in the spoon-shape of the Illinois Basin. 
However few subsequent studies have recognised this important conclusion. 
The reasons for the uplift of the Pascola Arch are not considered in detail here and 
no study of this issue has been published. Kolata & Nelson (1 991a) report that uplift 
accompanied a Permo-Triassic phase of extension in the Reelfoot Rift and Rough Creek 
131 
111 
I I 
CHAPTER 5: THE ILLINOIS BASIN 
Graben areas. A pre-Cretaceous geological map of the Mississippi Embayment illustrates 
a concentric pattern of erosion, with the oldest rocks occurring in the centre (Figure 5.24). 
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Figure 5.24: Pre-Cretaceous subcrop map in the Pascola Arch area, illustrating the circular pattern of uplift 
of the arch. Key: m = Mt. Simon Sandstone and older Cambrian; k = Cambra-Ordovician Knox Group; o = 
post-Knox Ordovician; s = Silurian; d = Devonian (from Schwalb, 1982). 
Kolata & Nelson (1991a) suggested that this pattern was a result of thermal doming 
of the lithosphere under the arch, and speculated that this occurred during the Permo-
Triassic (a time of continental breakup). This hypothesis is supported by the existence of a 
number of igneous rocks of Permian age. For example, K-Ar and Rb-Sr dating of 
ultramafic intrusions along the Cottage Grove Fault System suggests an Early Permian 
age (Zartman, 1967). Brodie & White (1994) demonstrated uplift and denudation as a 
result of igneous· underplating in Scotland during an extensional episode and a similar 
process may have led to the substantial uplift observed on the Pascola Arch. 
Uplift of the Pascola Arch is reported to have removed between 2,440 m (Atherton, 
1971) and 4,000 m (Collinson et al. , 1988) of Palaeozoic stratigraphy. No methodology is 
cited in obtaining these estimates, which presumably came from comparison with other 
areas of the Reelfoot Rift which were not affected by uplift. 
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If a basin's circular shape is explicable in terms of late peripheral structural activity, 
then there are obvious dangers inherent in using a present day structural contour as the 
defining limits of a basin. The 150m structure contour on the top of the Champlainian, 
used to define the basin (Collinson et al., 1988), only tells us the configuration of a 
current structural depression and can give misleading information when considering basin 
formation. In fact, circular basins formed by late structural effects are not uncommon. The 
Paris Basin, for example, is a rift basin which subsided through the Permian and 
Mesozoic. It only attained its circular shape during Alpine compressive events, when a 
number of basin massifs were uplifted around it (Perredon & Zabek, 1991). 
5.11 Summary 
The origin of the Illinois Basin has long been controversial, owing to its circular shape, 
the apparent absence of significant faulting and prolonged subsidence throughout the 
Palaeozoic. In this chapter, analysis of extensive borehole data has been used to show that 
a Cambrian extensional event accounts for the formation and evolution of the Illinois 
Basin. The extensional hypothesis is supported by the description of widespread evidence 
of faulting . Later subsidence events have been shown to be minor and either related to 
flexural effects owing to proximity to the Appalachian margin or to fault movements 
associated with probable orogenic intraplate stresses. The uplift of the Pascola Arch, and 
to a lesser extent other arches, after deposition of the basin fill was the principal cause of 
the structural asymmetry of the basin and its present day 'saucer' (Bally, 1988) outcrop 
pattern . 
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6.1 Introduction 
The Michigan Basin is a classic intracratonic basin. Its strikingly circular nature, 
both at outcrop and in the subsurface, has attracted considerable geological interest. This 
circular geometry has been taken to imply a certain simplicity of origin and a plethora of 
basin formation models exist. This apparent simplicity has however also discouraged the 
detailed observation of irregularities and, to a certain extent, kept discussion of basin 
tectonics to either a gross regional scale or to a localised focus on particular structures. 
Thus, until recently, the 'classic' Michigan Basin had not been subjected to systematic 
study. The aim of this chapter is to redress this imbalance by considering in detail the 
subsidence history of the Michigan Basin, using 60 wells from within and around it. 
These data are used to map the temporal evolution of the basin into the circular structural 
feature observed today. Systematic study of subsidence patterns will determine whether a 
single mechanism drives subsidence, as is assumed in many models, or whether the 
history of this basin is more complicated. 
The Michigan Basin is located at the northern end of the vast area of Palaeozoic cover 
within the eastern interior of the United States (Figure 1.1). It lies mostly within the 
southern penins~la of the state of Michigan, the northern peninsula making up the 
southern coast of Lake Superior. The basin is ringed by a number of basement uplifts, or 
arches (Figure 1.8). The basin contains up to 4.5 km of sedimentary rocks ranging in age 
from Late Cambrian to Pennsylvanian, with a thin cover of Jurassic rocks. Up to 360 m 
of Pleistocene glacial sediments overlie the area, hindering seismic exploration and as a 
result isopach maps are the primary tool used in hydrocarbon exploration within the basin 
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Figure 6.1: Depth to Precambrian basement, 
Michigan Basin (redrawn from Fisher et al., 
1988). Faults are mostly named after 
overlying anticlines: H = Howell Anticline; 
LM = Lucas-Monroe Anticline; AS = 
Albion-Scipio Anticline; BG = Bowling 
Green Fault; A-A' = Line of Figure 6.13; 
Thin east-west and north-south lines 
near centre of basin mark the COCORP 
seismic reflection survey. B-B' = Line of 
Figure 6.2. 
B' 
North 
Figure 6.2: Sample COCO RP section from centre of Michigan Basin. Length of section = 35 km. 
Vertical axis is two-way-travel-time in seconds. (from Fisher et al. , 1988). 
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(Catacosinos et al., 1991). Depth-structure maps on Precambrian basement show the 
circular shape of the basin (Figure 6.1). Such maps should be treated with caution 
however, as they are greatly simplified, being based on projections from limited well data 
(only one well lies in the basin centre) and potentially mask a great deal of basement 
character. Extensive normal faulting is reported on Precambrian basement, but only a few 
of the larger structures, which have extensive local borehole control, are known in detail 
and are shown on the depth to basement map (Figure 6.1; Fisher et al., 1988). 
Q km 5,0 
Contour Interval 
of 10 milligals 
Figure 6.3: Bouguer gravity anomaly map of the Michigan Basin area (after Hinze et al. , 1971 ). 
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Little is known of the Precambrian basement beneath the basin. The Grenville 
Front (a Proterozoic suture zone) underlies eastern areas and appears to be involved in 
later reactivation of structures such as the Palaeozoic Bowling Green Fault (Denison et 
al., 1984; Figure 6.1). A series of short COCORP (Consortium for Continental Reflection 
Profiling) seismic lines show extensive volcanics and faults within Precambrian 
sequences (Zhu & Brown, 1986). An example of these data is given in Figure 6.2. 
Gravity maps show a small gravity high which arcs under the south peninsula of 
Michigan, along a roughly northwest-southeast trend ( Figure 6.3). This gravity high is 
believed to be a continuation of the mid-Proterozoic (1,100 Ma) Keweenawan Rift 
system which snakes across the midcontinent (e.g. Hinze et al., 1975; Hutchinson et al., 
1990). This suggestion is supported by the presence of Precambrian volcanic rocks and 
red-bed sedimentary rocks in the only well penetrating basement under the central 
Michigan Basin. 
6.2 Previous work and a new approach 
Sleep (1971) first considered the evolution of the Palaeozoic Michigan Basin and 
concluded that subsidence was driven by cooling following a period of lithospheric 
heating under the basin. Heating would lead to doming of the lithosphere, erosion, and 
following the heating phase, contraction and subsidence. This idea was expanded by 
Sleep et al. (1980) and Ahern & Dikeou (1989), who concluded that the pattern of 
subsidence was consistent with an increase of the flexural rigidity following a Cambrian 
heating episode. Haxby et al. (1976) proposed a variation on the heating model, in which 
the thermal episode would initiate a metamorphic phase change from gabbro to a more 
dense eclogite phase, resulting in prolonged subsidence. Hamdani et al. (1991) also 
proposed that a gabbro to eclogite transition following cooling drove subsidence. 
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Naimark & Ismael-Zadeh (1995) modelled the pattern of subsidence which would result 
from such a transition and found an approximate fit to the observed pattern of 
subsidence. Catacosinos et al. (1991) qualitatively suggested that lithospheric extension 
during the Keweenawan rift phase resulted in Palaeozoic post-rift subsidence of the 
Michigan Basin. This model is however difficult to reconcile with the >500 Ma age gap 
between the Keweenawan episode and the onset of Cambrian subsidence. De Rito et al. 
(1983) proposed that subsidence within the basin was a result of intraplate stresses 
inducing isostatic readjustment of a flexurally supported local mass excess. Howell & 
van der Pluijm (1990) expanded on this, attempting to relate episodes of basin subsidence 
to coJlisional activity on the Appalachian margin and thus permit isostatic equilibration 
of an inferred upper crustal mass excess by weakening the lower crust. 
The present approach is to attempt a complete spatial and temporal investigation of 
subsidence within the Michigan Basin without referral to pre-existing models . The 
stratigraphy of the Michigan Basin will be reviewed, followed by consideration of the 
Palaeozoic subsidence history in one and two dimensions. 
6.3 Stratigraphic summary 
A stratigraphic summary of the Michigan Basin is given in Figure 6.4, along with 
the ages and water depths attributed to individual formations. Comprehensive reviews of 
basin stratigraphy include Fisher et al. (1988) and Catacosinos et al. (1991) and this 
summary is largely derived from these references. 
Sedimentation commenced in the Upper Cambrian with deposition of the arkosic Mt. 
Simon Sandstone on Proterozoic basement. The Mt. Simon Sandstone becomes more 
shaley and glauconitic up sequence and has a maximum recorded thickness of 480 m. 
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Figure 6.4: Summary of stratigraphy of the Michigan Basin, incorporating water depth information and chronological 
ages used in subsidence analyses . Water depth references: (1) Fisher et al. , 1988; (2) Howell , 1993; (3) Catacosinos 
et al. , 1991 ; ( 4) Fisher & Barratt, 1985. See text for explanation of basin sequences. 
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Isopach maps of the Mt. Simon Sandstone indicate that deposition was greatest in 
an elongate trough open to the southwest (Figure 6.5). This feature dominated deposition 
through the Late Cambrian and linked apparent depocentres in north-eastern Illinois and 
the centre of Michigan's southern peninsula. With the exception of the upper part of the 
Mt. Simon Sandstone, most units of the Late Cambrian were deposited under shallow 
water conditions (0-50 m). Towards the end of the Cambrian, elastic rocks were 
progressively replaced by carbonates, which onlap directly onto the Precambrian of the 
Canadian Shield, as shown on the regional geological map (around the entrance to Lake 
Superior; Figure 1.7). By middle Canadian times (Lower Ordovician), the peritidal 
carbonates began to accumulate about a depocentre in the centre of the south peninsula 
and the embayment to the southwest was no longer apparent. Towards the end of the 
Early Ordovician, a significant unconformity formed; the sub-Tippecanoe unconformity 
of Sloss (1963; see Chapter 5). Substantial karstification accompanies this unconformity, 
and the succeeding St. Peter Sandstone has an irregular thickness as a result of 
topographic infilling (Fisher et al., 1988). Fisher & Barrett (1985) failed to recognise the 
unconformity in the basin centre and concluded that sedimentation was probably 
continuous. The Glenwood Formation, which succeeds the St. Peter Sandstone, is a green 
shale with intercalated sandstones and limestones. These units were deposited about a 
depocentre in the middle of the south peninsula. The overlying Black River and Trenton 
Formations reflect a changing subsidence style, forming an easterly thickening wedge of 
carbonate rocks which were deposited under shallow m9-rine conditions. This eastward 
thickening reflects possible flexure with Taconian orogenic loading at the Appalachian 
margin. The overlying Utica Shale (an equivalent of the Maquoketa Shale of the Illinois 
Basin) consists of fine grained elastic units with Taconian provenance (Howell, 1993) 
which thicken to the east. 
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Figure 6.5: Selected isopachs for 
different intervals in the Michigan 
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forms of subsidence at different 
times (redrawn from Howell, 1993). 
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Figure 6.6: Palaeo-geographic map of the Michigan Basin during Niagaran time 
(after HowelJ , 1993). 
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In the Silurian, shallow water carbonates and thin shales with intercalated 
anhydrites reflect shallow shelf seas to supratidal sabkha environments. Isopachs show 
that subsidence was basin-centred (Figure 6.5). In the Niagaran, a belt of pinnacle reefs 
developed around the basin, attaining vertical thicknesses of up to 210 m. Shales in the 
centre of the basin of the same age are only up to 30 m thick (Catacosinos et al., 1991) 
thus indicating maximum water depths of up to 180 m and a failure of sedimentation to 
keep up with subsidence. A palaeogeographical map (Figure 6.6) illustrates the circularity 
of the basin at this time. In the Late Silurian, a series of evaporite bodies, principally 
halites which belong to the Salina Group, were deposited and capped with sabkha 
carbonates and anhydrites. These sequences reflect progressive infilling of a sediment 
starved basin. 
Sabkha conditions at the top of the Silurian are replaced by open marme 
environments and deposition of Early Devonian carbonate deposits with a diverse marine 
fauna. Shallow marine to intertidal conditions persist through the Early and Middle 
Devonian, indicating that sedimentation kept pace with subsidence. Isopach maps in the 
Early and Middle Devonian continue to display a basin-centred character (Figure 6.5). In 
the Late Devonian however, the Antrim Shale (equivalent to the New Albany Shale of the 
Illinois Basin) displays an eastward thickening isopach, as do the remainder of the 
Devonian strata, along with much of the overlying Mississippian (Figure 6.5). The 
Antrim Shale is a flysch-like 'orogenic shale' (Fisher, 1988), deposited at the distal end of 
a elastic wedge formed by the Acadian Orogeny at the Appalachian margin. Unlike the 
Taconian orogenic episode, eastward tilting of the craton is not observed until deposition 
of the 'orogenic shale' (i.e. tilting is not reflected in the underlying carbonates). The upper 
part of the Devonian sequence records the progradation of a massive delta complex from 
the east (known as the Catskill Delta), with a gradual coarsening upwards. The 
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Mississippian sequences record continuing deposition of elastics in eastward thickening 
packages. These elastic sediments were deposited in marginal marine environments and 
primarily comprise shales intercalated with local gypsum and carbonates. 
Isopach maps for different depositional intervals in the Michigan Basin vary 
considerably in character, possibly reflecting major variations in the mechanisms driving 
subsidence. The stratigraphy has been sub-divided here into six primary basin sequences 
(Figure 6.4), based on isopach styles (Figure 6.5). Hence Basin Sequence A (Mt. Simon 
Sandstone to Oneota Dolomite) records deposition about a southwest facing embayment 
whereas Basin Sequences B (Shakopee Dolomite to Glen wood Shale), D (Manitoulin 
Formation to Bass Islands Formation) and E (Bois Blanc Formation to Traverse Group) 
reflect basin-centred deposition. Basin Sequences C (Black River Formation to 
Cincinnatian) and F (Antrim Shale to Bayport Formation) record eastward tilting of the 
craton. Basin Sequences D and E, although adjacent, have been separated to highlight the 
distinct differences between the deep water evaporitic basin of the Silurian and Early 
Devonian shallow marine shelves where sedimentation kept pace with subsidence. 
6.4 Subsidence analysis 
6.4.1 Introduction 
A database of 40 wells within the southern peninsula of the state of Michigan, 
along with 5 wells in north-eastern Illinois, 13 wells in northern Indiana and 2 wells in 
Ohio have been incorporated in this study; a total of 60 wells (Figure 6.7). These data 
have been compiled from Howell (1993), Leighton et al. (1991) and the open files of the 
Indiana and Ohio Geological Survey. The data for all the wells utilised are included in 
Appendix 1. 
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A location map (Figure 6.7) indicates which wells penetrated Precambrian 
basement, although the principal selection criteria for all the wells used was that they 
should penetrate a significant section of Cambrian stratigraphy. This was necessary as 
only one well (m_81) reached Precambrian in the centre of the basin. In each well, ages 
and water depths were assigned to the formations encountered, using the scheme in 
Figure 6.4. This scheme is based on wells in the centre of the basin. 
The analysis for well m_81 (Figure 6.8) illustrates the general form of subsidence 
encountered within the basin. The gross form of the subsidence path is approximately 
linear through time, although early (Cambrian) subsidence is notably steeper. However, 
closer examination reveals a subsidence pattern which is episodic rather than linear. 
Subsidence is more rapid during the early part of Basin Sequence A, throughout Basin 
Sequence C, late in Basin Sequence D and from the end of Basin Sequence E through 
Basin Sequence F. 
This subsidence pattern reflects a complicated history of basin evolution and needs 
to be considered with care, in the context of geological and stratigraphic history. 
Attempts to fit a single exponential decay curve (e.g. Sleep et al., 1980) or a linear 
pattern of subsidence are obviously flawed since they ignore the important information 
about basin evolution contained within the subsidence irregularities. Consideration will 
first be given to the rapid subsidence during Basin Sequence A and will proceed forwards 
in time through each of the basin sequences. 
6.4.2 Cambrian rift subsidence 
The subsidence curve during Basin Sequence A is initially very steep but slows to a 
more shallow path which continues through the end of Basin Sequence A and all of Basin 
Sequence B. This part of the subsidence curve has an exponential (concave-up) form, 
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similar to that expected for subsidence owing to lithospheric extension. However, the 
style of a subsidence curve alone cannot be taken as indicative of basin forming 
mechanisms without corroborative evidence. The elongate isopachs encountered during 
Basin Sequence A, connecting the Michigan Basin to the Illinois Basin, and the 
documented extension in the Illinois Basin (Chapter 5) and elsewhere during the 
Cambrian are taken as sufficient evidence to justify an initial assumption that the 
Cambrian episode of rapid subsidence is due to lithospheric extension. A detailed 
discussion of the evidence for Cambrian rifting in the Michigan Basin is given in Section 
6.4.3. 
For all 60 wells, tectonic subsidence has been inverted for strain rate, as shown for 
well m_8 l (Figure 6.8). Extension has not been permitted for post-Cambrian subsidence 
events as there is little evidence, such as normal faulting, to support an extensional 
hypothesis at these times. Well m_81 shows a good fit of the observed water-loaded 
subsidence in Basin Sequences A and B with a model subsidence curve generated with a 
single extensional strain rate peak during the Late Cambrian. This model curve indicates 
~ = 1.13 and a strain rate peak of 15.5 Ga-I (4.9xl0- 16f1). A deviation from the modelled 
subsidence path does not occur until the start of Basin Sequence C (at 463 Ma), 
indicating that the subsidence of Basin Sequence B can be explained purely in terms of 
post-rift thermal relaxation of the lithosphere. 
One-dimensional subsidence studies are obviously more meaningful if they 
incorporate large number of sections across a geographical area. Further subsidence 
analyses, shown in Figures 6.9 and 6.10, are arranged in NW-SE and NE-SW transects, 
to illustrate variations in subsidence across the Michigan Basin. The transects were 
selected to run approximately perpendicular (Figure 6.9) and parallel (Figure 6.10) to the 
axis of the embayment in the isopach of Basin Sequence A (Figure 6.5) and hence the 
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likely ax,s of extension. In all cases, subsidence has been inverted for strain rate 
assuming only Cambrian rifting took place. 
The first transect crosses the axis of the elongate trough of maximum deposition 
and illustrates p increasing from 1.01 (i.e.- negligible extension) to 1.13 in the basin 
centre (Figure 6.9). The second transect along the axis of the embayment shows less 
variation in P (1.05 - 1.13), although a maximum is encountered in the centre of the basin 
(well m_81; Figure 6.10). Since the first transect presumably lies close to the line of 
maximum extension (and perpendicular to the axis of maximum extension), it has been 
used to give an estimate of the total amount of stretching, using equation 2.8. This gives 
an estimated 28 km extension along the (present day) 452 km of the transect. 
A contoured map of P results from the 60 wells in the Michigan Basin and 
surrounding area is shown in Figure 6.11. p is greatest from north-eastern Illinois to the 
centre of Michigan's southern peninsula. Values of P along this axis are up to 1.13, 
although a saddle in the contours is present in southwest Michigan, where P-values fall to 
around l.08. This axis of high p closely reflects the isopachs of Basin Sequence A and 
resembles similar high p trends under the La Salle Rift Belt of the Illinois Basin (Chapter 
5) and the Oklahoma Aulocogen (Chapter 3). As the depocentre shown in Illinois is close 
to the northern end of the La Salle Rift Belt, it is predicted that a continuation of the fault 
belt underlies thi~ embayment. 
A secondary trend of high p occurs in the north of the southern peninsula, running 
north-westwards from well m_8 l towards well m_80 and' m_ 46 ( on offshore island). This 
trend closely reflects the gravity anomaly associated with the Keweenawan Rift (Figure 
6.3) and it is possible that the P-contours indicate Cambrian reactivation of pre-existing 
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faults on this trend. This would explain the presence of the local depocentre in the region 
of well m_8 l which overlies the centre of the Keweenawan Rift system. 
Figure 6.11 : A contoured map of stretching factors (~) in the Michigan Basin during Cambrian rifting. 
Contour interval = 0.01. Filled circles indicate wells penetrating basement. 
The contoured ~ map indicates that rifting in the Late Cambrian in the Michigan 
Basin occurred about an embayment connected to the Illinois Basin . The rift event in both 
basins is temporally and causally related according to the regional transect of subsidence 
analyses (Figure 6.12). Late Cambrian extension is observed in the Michigan Basin, 
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through northern Illinois and into the Rough Creek Graben (well k_60; Chapter 5). The 
Rough Creek Graben lies at the northern end of the Reelfoot Rift, which connected the 
Illinois Basin to the Ouachita continental margin. Hence an Late Cambrian rift system of 
some 1,500 km length has been identified, with extension ranging between 1.10 
(southwest Michigan) and 1.26 (Rough Creek Graben) along the length of the rift axis. 
6.4.3 Evidence For Cambrian extension 
The hypothesis that rifting occurred during the Cambrian in the Michigan Basin 
requires validation by the identification of sufficient normal faults. Such faulting should 
be seen to have a major influence on the stratigraphic thickness of the Cambrian section. 
Identification of basement faulting has been hindered for a number of practical reasons. 
In particular, the presence of up to 360 m of glacial drift at surface has led to severe 
seismic static problems (Catacosinos et al., 1991) and as a result most hydrocarbon 
exploration has been carried out using isopach mapping and well correlations alone. 
Moreover, very few wells have penetrated to Precambrian basement within the basin 
because the oldest actively explored reservoirs are of Early Ordovician age and so 
thickness variations in the Cambrian section have not been evident. A Consortium for 
Continental Reflection Profiling (COCORP) study ran three short seismic lines in the 
centre of the basin (Figure 6.2; Brown et al., 1982; reprocessed by Zhu & Brown, 1986). 
These lines were -however very short and focused largely on the Keweenawan Rift 
sequences. Hence the Palaeozoic sequences represent a very small upper part of the 
seismic data and little character can be resolved. There are however a number of lines of 
evidence which suggest that the basement is extensively faulted. Evidence for basement 
faulting include faulting around the margins of the Michigan Basin, localised Cambrian 
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thickness irregularities and (Late Palaeozoic) reactivation of faults forming fold belts 
within the basin. These features will be discussed in turn. 
First, there is ample evidence of Cambrian extension on the periphery of the 
Michigan Basin. In Chapter 5, a detailed account was given of extension in the Illinois 
Basin in Illinois and Indiana, to the south of Michigan. This extension primarily affected 
deposition of the Mt. Simon and Eau Clafre Formations, the same units found through the 
Michigan Basin. Extension in and around the Rome Trough of Kentucky, West Virginia 
and Ohio to the southeast of the Michigan Basin was documented in Chapter 4. Faulting 
on the eastern periphery of the Michigan Basin was first documented by Cohee (1947). In 
southern Ontario, Sanford et al. (1985) documented hydrocarbon traps on fault block 
highs of Cambrian age and concluded that such faulting continues westwards under the 
Michigan Basin. Boggs & Lloyd (1962) also identified extensive faulting in Ontario and 
in the St. Lawrence Lowlands, affecting deposition of the Potsdam Sandstone (a Mt. 
Simon Sandstone correlative). Fisher et al. (1988) also believed that the extensive 
faulting in Ontario continues into the Michigan Basin. 
Second, some direct evidence of fault growth within the basin does exist. Cohee 
(1947) documents growth on the western side of the Bowling Green Fault of southeast 
Michigan (Figure 6.1) and possible growth on the west side of the Howell Anticline 
(which overlies a major basement fault) . Fisher et al. (1988) state that faulting is common 
in the south and east of the Michigan Basin and identify local irregularities in the 
thickness of the Cambrian section which they attribute t9 faulting. For example, in the 
well m_ l28 the Mt. Simon Sandstone and Eau Claire Dolomite are absent but are 250 m 
thick in nearby wells across the Howell Anticline, as evident from the isopach for Basin 
Sequence A (Figure 6.5). This indicates that well m_128 occupies a footwalJ high 
position close to the fault underlying the Howell Anticline. Similarly Precambrian 
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basement in well m_184 in western Michigan is 230 m higher than in encountered in 
nearby wells and the Mt. Simon sandstone anomalously thin (Fisher et al. , 1988). This 
indicates the presence of topography on Precambrian basement early in the sedimentary 
history of the basin, possibly as a result of fault activity . Few wells in the region reach 
basement and so this hypothesis is difficult to test. In addition, Fisher et al. (1988) cite 
confidential oil industry seismic profiles on which prolific Lower Palaeozoic faulting is 
observed, but this has not been available for use in this study. 
The third line of evidence from which basement faulting can be inferred comes 
from other structures which are recognised at surface. For example, Ells (1969) showed 
that the Howell and Lucas Monroe Anticlines, formed during the Mississippian, 
originated as earlier Palaeozoic normal faults (Figure 6.1 ). Mescher (1980) and Fisher 
( 1981) showed that a large number of other fold structures in southern Michigan were 
formed by reactivation of older faults in a reverse sense. An oil industry report 
(Petroleum Frontiers, Spring 1984) showed 35 major anticlines, mostly in the centre of 
the Michigan Basin, which closely parallel the known fault structures . in the basin (the 
Howell, Lucas-Monroe-Bowling Green and Albion Scipio fault systems). This is taken as 
evidence for the concept that folds in the basin are the result of Late Palaeozoic 
'rejuvenation' of basement faulting. Hence many more faults are thought to be present in 
the basin. It is interesting that the fold belts suggested to represent reactivated faulting 
mostly occupy a northwest-southeast orientation (as do the known major faults). This 
fold trend is oblique to the axis of maximum extension s_uggested by Basin Sequence A 
isopachs (Figure 6.5) and contoured maps of extension (Figure 6.11) and closer to that of 
the underlying Keweenawan Rift. 
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Figure 6.13: Diagrammatic cross section of Precambrian basement under the Michigan Basin, illustrating 
extensive faulting at base Cambrian levels (after Fisher et al., 1988). 
A diagrammatic cross section of basement faulting is shown in Figure 6.13. This 
section also shows the different basement rocks encountered across the basin. The 
Allegan and St. Clair Platforms at either end of the basin formed regional highs at a 
number of times in the history of the basin, particularly during the deposition of Basin 
Sequences A and B. This led Fisher et al. (1988) to conclude that the 'uniform truckening 
of sediments from basin margin to basin centre that is so often depicted for the Michigan 
Basin is not always present'. 
An independent estimation of ~ has been made by assuming that the major 
anticlines mapped by Petroleum Frontiers (1984) each overlie a normal fault. Thirteen 
such anticlines are encountered on this 302 km transect, making an average fault spacing 
of 23 km. For each, a throw of 250 m has been assumed, as this is the calculated 
stratigraphic throw in the vicinity of well m_128 (see discussion above). The heaves were 
then calculated for fault dips of 30° and 60°. This method assumes that extension results 
from plane strain on planar faults , and so the total extension is the sum of the all the fault 
heaves along a particular traverse parallel to fault movement: this estimation yields a ~ 
estimate of 1.019 for a fault angle of 30° and 1.006 for a fault angle of 60° (or extension 
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of -6 km and -2 km respectively). This method therefore underestimates the amount of 
stretching calculated from subsidence analysis. There are several probable reasons for the 
discrepancy. First, only major anticlines have been taken into account. The average fault 
spacing of 23.25 km is similar to that encountered in other extensional settings. For 
example, the crustal scale faults that control the half graben in the North Sea are spaced 
at 10-20 km (Jackson & White, 1989). Marrett & Allmendinger (1992) showed in a study 
of the North Sea that ~ calculations from faulting may be underestimates up to 60% as a 
result of small scale faulting. Therefore ~ calculated for the Michigan Basin could be 
between 1.01 (60° fault dip) and 1.03 (30° fault dip). ~ calculated from spatially averaged 
contours (Figure 6.11) along the same line of transect is 1.06. The total amount of 
extension along this transect was -17 km. The discrepancy between the two ~ 
calculations is not considered great, given the gross assumptions made in the fault heave 
method and the lack of seismic information. 
This section therefore concludes that there is good, but incomplete evidence, for 
faulting at lower stratigraphic levels within the Michigan Basin and this faulting resulted 
from Cambrian lithospheric extension. The magnitude of stretching very approximately 
calculated from the predicted distribution of faulting is of the same order as that predicted 
from subsidence analysis. 
Further evidence for rifting should be sought from crustal thickness information. 
Initial processing of COCORP lines in the Michigan Basin (Brown et al., 1982) did not 
resolve the Moho, but reprocessing has identified a weak, flat lying reflector at about 43 
km depth (Zhu & Brown, 1986). As the profile was short, no information about regional 
changes in Moho depth was acquired. A map of the crustal thickness of the United States 
(Allenby & Schnetzler, 1983) based on seismic refraction data show an almost uniform 
thickness of 35 km in the Michigan Basin region. This map however had little control 
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over the region. Further deep seismic reflection studies have been carried out in the 
Michigan Basin area as part of the Great Lakes International Multidisciplinary Program 
on Crustal Evolution (GLIMPCE). This program involved examination of the 
Keweenawan Rift system through acquisition of deep-crustal seismic profiles shot from 
ships on the Great Lakes. Most of the data were acquired on Lake Superior, although 3 
profiles were acquired on Lakes Michigan and Huron, fringing the Michigan Basin 
(Behrendt et al., 1990). The GLIMPCE experiments found that the Moho lay at depths of 
between 36 and 42 km across the study area. Hutchinson et al. (1990) showed that 
extensive lower crustal underplating accompanied the Keweenawan rifting episode (in 
which ~ factors of up to 4 occurred). As the crust in the Keweenawan area has 
experienced considerable extension and underplating in the Proterozoic, it is unlikely that 
the much more subtle variations in crustal thickness that would result from minor 
Cambrian lithospheric extension would be detectable. Furthermore, the GLIMPCE data 
only fringe the area of the Michigan Basin and so are of little use for this particular study. 
6.5 Basin-wide mapping of subsidence intervals 
6.5.1 Introduction 
A series of time slice maps has been produced which illustrates the progressive 
subsidence of basement through time (Figure 6.14). These time slices have been 
produced for the end of Basin Sequences A to E (Basin Sequence F was omitted owing to 
a paucity of data). For each time slice there are two cmpponent maps; the first shows 
basement subsidence during the relevant basin sequence interval and the second shows 
total depth to basement at the end of the basin sequence interval (For Basin Sequence A, 
these two maps are the same). 
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Figure 6.14: Tectonic evolution of the Michigan Basin. The stratigraphy, has been divided into 6 Basin 
Sequences, of which the first 5 (A - E) are considered here. Sequence F has been omitted owing to a paucity of 
data. The first map shows the amount of basement subsidence achieved by 493 .0 Ma and hence also records the 
tectonic subsidence during interval A. In each of the successive pairs of maps (B-E), the left hand map records 
the tectonic subsidence during deposition of the particular Basin Sequence and the right hand map displays total 
basement subsidence at the end of deposition of the Basin Sequence. Black dots show well locations. All values 
are water loaded subsidence in metres. 
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6.5.2 Cambrian rift subsidence map 
Basin Sequence A displays a south-westward facing embayment, linking a minor 
depocentre in the centre of the south peninsula to the northern Illinois Basin. This map is 
very similar to the ~ contoured map, displaying an embayment open to the southwest and 
with additional character such as a depositional trend from the centre of the peninsula 
towards the north west. The implications of these features have already been discussed 
6.5.3 Ordovician post-rift subsidence map 
The detailed examination of subsidence in individual wells in section 6.4 illustrated 
that Basin Sequence A comprises syn- and post-rift strata, with rifting ending at 
approximately 505 Ma (e.g. Figures 6.8, 6.9, 6.10). Continuing post-rift relaxation of the 
lithosphere was shown to drive the subsidence of Basin Sequence B. 
This result is at odds with isopach (Figure 6.5) and subsidence maps (Figure 6.14), 
which show subsidence concentrated around a depocentre in the middle of the peninsula. 
As the tectonic subsidence in the basin centre matches that predicted for the post-rift 
phase, the circular shape of the basin at this time must be a result of diminished 
subsidence at the periphery rather than additional basin-centred subsidence. In particular, 
the area of the embayment in Basin Sequence A (northeast Illinois, northwest Indiana and 
southwest Michigan; over the Kankakee Arch) must have experienced relative uplift as 
this region would otherwise have experienced some post-rift subsidence. Uplift and 
erosion in this region resulted in an elongate pattern of subsidence becoming circular. 
There is evidence from outcrop and well data that uplift in the area of the Kankakee Arch 
occurred during deposition of Basin Sequence B (Atherton, 1971). A well transect from 
the Illinois Basin to the Michigan Basin (Figure 6.15) indicates that the Oneota Dolomite 
(top Sequence A) crosses the Kankakee Arch without experiencing substantial thickness 
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variations, whereas the overlying Shakopee Dolomite, St. Peter Sandstone and Glenwood 
Shale of Sequence B thin markedly over this basement feature. Furthermore, Atherton 
(1971) and Kolata & Nelson (1991a) document uplift of the Kankakee Arch from middle 
Canadian until Blackriverian times. 
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Figure 6.15: Well cross-section across the Kankakee 
Arch (hung on base Black River Formation), linking 
the lllinois Basin to the Michigan Basin. Note the 
thinning of post-Oneota Dolomite strata onto the 
arch. (Modified and expanded from Atherton, 1971 
and Kolata & Nelson, 1991) 
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Subsidence analyses for wells on the Kankakee Arch show a diminished amount of 
post-rift subsidence. For example, well m_3 l on the transect linking the Illinois Basin to 
the Michigan Basin has a very large syn-rift to post-rift subsidence ratio (Figure 6.12). 
The modelled subsidence curve generated in this case produces a poor fit to the water 
loaded subsidence around the time of the syn-rift to post-rift transition. This is an 
expression of the uplift of the Kankakee Arch which hence was responsible for the 
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transformation of the Michigan Basin from a rift embayment into an individual circular 
basin during the Ordovician. No change in the mechanism driving subsidence is therefore 
required to explain the circular shape or subsidence of the Michigan Basin at this time. 
6.5.4 Ordovician eastward tilting of the craton 
Basin Sequence C commences with deposition of the Black River Formation and is 
characterised by eastward thickening isopachs. This tilting episode was not evident in the 
series of isopach maps of Fisher et al. (1988) owing to the inclusion of earlier basin-
centred intervals (e.g. St. Peter Sandstone) in isopachs of the late Ordovician. The major 
change in subsidence style is also reflected in the basement subsidence maps (Figure 
6.14) and is coincident with the first deviation from the predicted subsidence path 
following lithospheric extension during the Cambrian. This thickening is widely believed 
to reflect tilting of the craton during flexural loading associated with the Taconian 
orogeny (e.g. Howell & van der Pluijm, 1990; Coakley et al., 1994). 
A regional transect of subsidence profiles extending from the centre of the 
Michigan Basin to the Rome Trough area of the Appalachian Basin demonstrates the 
approximate temporal coincidence of Late Ordovician rapid subsidence between the two 
areas (Figure 6.16). Moreover, the amount of tectonic subsidence achieved during the 
Late Ordovician progressively increases along the line of transect towards the 
Appalachian foreland basin (from 180 m tectonic subsidence in the Michigan Basin to 
480 m in the Appalachian Basin). This transect is also of interest in that it shows 
variations in the amount of extension associated with Cambrian rifting, with higher 
values of p in the centre of the Michigan Basin and in the area of the Rome Trough and 
lesser values of p over the Cincinnati Arch. 
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Figure 6.16: Subsidence transect from the Michigan oh_13 
Basin to the Appalachian Basin. The location of the 
transect is shown in the inset box. The transect 
shows greater extension in the centre of the the 
Michigan Basin and in West Virginia (around the 
Rome Trough) than in intervening areas . It also 
confirms that the rapid subsidence in the Michigan 
Basin during the Late Ordovician and Late Devonian/ 
Mississippian is caused by Appalachian orogenic wv_08 
activity. The amount of flexural subsidence declines 
to the northwest away from the orogeny. x = the 
difference between the observed subsidence at the 
end of Basin Sequence C and the post-rift subsidence 
predicted following Cambrian extension. T = Taconian 
Orogeny; A = Acadian Orogeny. 
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Several mechanisms have been proposed to account for the development of the 
eastward thickening sequences in association with Taconian cratonic events (and later 
Appalachian orogenic events). Quinlan & Beaumont (1984) and Beaumont et al. (1988) 
modelled the effects of flexural loading of the lithosphere with stacking of Taconian 
thrust sheets at the margin. They predict the uplift of arches at flexural bulges, both 
between the Michigan Basin (and Illinois Basin) and the Appalachian front and also 
between the Michigan Basin and Illinois Basin. Flexural downwarping mechanisms 
seems unlikely however as the wavelength of tilting is extremely long ( -1000 km). 
Coakley & Gurnis (1995) modelled supracrustal loading mechanisms using a range of 
lithospheric parameters and concluded that the best fit to observed stratigraphy would be 
achieved by the emplacement of a 400 km wide load at the Appalachian margin, with 
flexural rigidities for the craton of between 1027 -1028 Nm. Both values for load width and 
'------
flexural rigidities are unreasonably large and argue against a straightforward flexural 
loading mechanism for eastward tilting of the craton. Furthermore, the arches, thought by 
Quinlan & Beaumont (1984) and Beaumont et al. (1988) to have formed by the 
interaction of flexural bulges, are not temporally related since they predate orogenic 
activity. Instead the arches are themselves depressed during the episode of eastwards 
tilting during the Late Ordovician and are active at other times. 
Coakley et al. (1994) and Coakley & Gurnis (1995) proposed that Late Ordovician 
eastward thickening of sequences was a result of dynamic tilting of the lithosphere owing 
to the negative buoyant effects of a subducted slab of ocean~c lithosphere. Coakley et al. 
(1995) showed that this mechanism could produce subsidence as much as 1000 km onto 
the craton without inferring unreasonably large intraplate stresses. · By con straining 
models to the isopachs of the Black River and Trenton Formations, Coakley & Gurnis 
(1995) concluded that subsidence was generated by an old (140 Ma) slab dipping at 20-
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30° for 10-15 Ma. An outstanding problem with this mechanism however is that the 
eventual removal of the dipping slab should initiate an isostatic rebound and hence 
preservation of Late Ordovician sequences would be expected to be far from complete. 
It is beyond the scope of this dissertation to expand on the work of Coakley & 
Gurnis (1995). The dynamic tilting mechanism is preferred as it more readily explains the 
long wavelength of cratonic tilting, but it is sufficient here to conclude that the Late 
Ordovician subsidence of the Michigan Basin was driven by external events. The interval 
map of backstripped subsidence through the Late Ordovician (Figure 6.14) shows that 
there was no component of basin-centred subsidence. 
6.5.5 Post-Ordovician basin-centred subsidence 
So far, the analysis of subsidence has shown that by the end of the Ordovician the 
Michigan Basin had an approximately circular shape. However, subsidence was not 
basin-centred and circularity was achieved purely by peripheral basement uplifts 
combined with regional extension and cratonic tilting. However, during the Silurian and 
Lower Devonian (Basin Sequences D and E), genuine basin-centred subsidence occurred, 
until Late Devonian (Basin Sequence F) deposition marks the renewal of eastward tilting 
of the craton (as recorded in the isopachs of Figure 6.5), in association with the Acadian 
Orogeny. The circular pattern of subsidence during the Silurian and Devonian thus 
represents an outstanding problem in subsidence analysis of the Michigan Basin. 
Subsidence during the early part of Basin Sequence D is slow (following the rapid 
eastward tilting subsidence of Basin Sequence C), whereas the late part of Basin 
Sequence D exhibits rapid subsidence. Similarly, subsidence during Basin Sequence Eis 
initially slow and increases during the Middle Devonian. Over the combined interval of 
Basin Sequences D and E, tectonic subsidence is circular in form (Figure 6.14), 
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amplifying the pre-existing shape of the basin. Basin Sequence F is characterised by 
eastwards tilting in a similar fashion to Basin Sequence C. However, owing to limited 
preservation (e.g. Figure 6.5), detailed subsidence mapping has not been carried out 
during Basin Sequence F. 
Basin Sequence D commences with deposition of shallow marine carbonates of 
Alexandrian and early Niagaran age, prior to development of a circular belt of reefs 
fringing a deep marine basin during the Niagaran and infilling of the deep basin with 
evaporites through the remainder of the Silurian (Section 6.3; Figure 6.4). Individual 
subsidence analyses record rapid subsidence coincident with the evaporitic infilling 
phase, between 422.5 Ma and 408.5 Ma (e.g. Figure 6.9). As the starved basin into which 
the evaporites precipitated formed during deposition of the Niagara Formation, 
subsidence profiles mask the true onset of rapid subsidence, which should be considered 
to start at 427.4 Ma rather than 422.5 Ma. Subsidence through Basin Sequence E is 
initially slow but accelerates at about 386.0 Ma, at the base of the Middle Devonian. This 
episode of rapid subsidence is coincident with the onset of tectonic activity associated 
with the Acadian Orogeny (Osberg et al., 1989) and is likely to be intimately related to 
this orogen. 
The slow rate of subsidence during the early part of Basin Sequence D is very 
similar in form to the predicted subsidence from post rift cooling of the lithosphere 
following Cambrian rifting and is likely that such background subsidence is responsible 
for the small amount of accommodation space required. J'he same explanation may also 
account for the slow subsidence during the early part of Basin Sequence E, when the 
open marine carbonates of the Sylvania and Bois Blanc Formations were deposited. 
There are, therefore, two remaining episodes of (rapid) circular subsidence to account for; 
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one during the Middle/Late Silurian (without associated orogenic activity) and another 
during the Middle Devonian (with associated orogenic activity). 
Throughout the time of deposition of Basin Sequences D and E, Atherton (l 971) 
and Kolata & Nelson (1991a) show that t.he Kankakee and Cincinnati Arches were 
uplifted, influencing sedimentation. This activity may simply record stratigraphic 
thinning or onlap owing to preferential subsidence in the Michigan Basin area. The 
investigation of Basin Sequence B concluded that circular isopachs were a result of 
peripheral uplift around a basin undergoing post-rift thermal subsidence. Hence, no 
additional accommodation space was generated by the mechanism inducing the 
circularity of the basin. However, during deposition of Basin Sequences D and E, basin-
centred subsidence occurred simultaneously with increased deviations from the predicted 
post-rift pattern of subsidence (e.g. well m_81, Figure 6.8). 
The two episodes of basin-centred subsidence differ markedly. The Silurian episode 
provides clear evidence of isolation of the Michigan Basin. Rapid subsidence during the 
Niagaran led to sediment starvation and the development of facies belts· that are circular 
about the basin centre. The sediment starved basin infilled later in the Silurian by a thick 
sequence of evaporites and carbonates with low fauna! diversity. In contrast, the 
Devonian circular subsidence event leads to the accommodation of a sequence of marine 
carbonates (and some sabkha deposits). During the Devonian, extensive orogenic activity 
commenced on the Appalachian margin, but such activity is absent during the Silurian 
episode. This event is important when considering the origin of the circular subsidence 
patterns. Previous models (e.g. Howell & van der Pluijm, 1990) relate circular subsidence 
to orogenically derived intraplate stresses. Whilst such a mechanism may account for the 
Devonian episode, the Silurian episode of circular subsidence does not coincide with 
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orogemc activity and so cannot be attributed to related intraplate stresses or similar 
orogenic mechanisms. 
No new model is presented here to account for circular subsidence during the 
Silurian and Devonian, although a number of new insights are documented. For example, 
the amount of tectonic subsidence remaining to be accounted for ( once rifting and 
cratonic tilting have been considered) is at most 410 m (in well m_74) and is generally 
significantly less than this figure. The total subsidence during deposition of Basin 
Sequences A-F in well m_74 is 1,700 m, and hence only -25 % of subsidence in the 
centre of the Michigan Basin requires explanation utilising a basin-centred mechanism. In 
well m_32 on the southern periphery of the Michigan Basin, Basin Sequences D and E 
account for only 140 m of a total of 710 m of tectonic subsidence (or -20 %). 
The Middle Devonian carbonates which subside about the basin centre are in a 
similar stratigraphic position to the Trenton and Black River carbonates which precede 
the flysch -like Utica shale during the Taconian Orogeny. However the Trenton and Black 
River Formations themselves thicken eastwards whereas the Middle Devonian carbonates 
are basin-centred unlike the overlying (eastwards thickening) Antrim Shale. As both 
groups of carbonates represent the early stages of orogenic influence over cratonic 
sedimentation, a clear difference between the two episodes must exist. 
The history of circular subsidence within the Michigan Basin 1s therefore 
complicated. Of the two principal times of circular subsidence, one is temporally 
connected with orogemc activity and one is not. Any model attempting to connect 
episodes of basin-centred subsidence to orogemc activity must consider the Late 
Ordovician situation, when eastward thickening sequences mark the Taconian Orogeny 
and no basin-centred subsidence occurs. 
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6.6 Subsidence Summary 
The Michigan Basin underwent a composite history of subsidence and structural 
evolution, as represented by the series of basement subsidence isopach maps (Figure 
6. 14 ). A summary diagram illustrating the different controls on subsidence through time 
is shown in Figure 6.17. 
Rifting in the Late Cambrian ceased by Early Ordovician times and was followed 
by a period of post-rift subsidence. This rifting was centred on an elongate trough 
connecting the Michigan Basin to the adjoining Illinois Basin. Peripheral uplifts in mid-
Early to Middle Ordovician times resulted in the Michigan Basin taking on a circular 
shape but no additional (i.e. non-rift related) subsidence occurred in the basin. Late 
Ordovician subsidence exhibits an eastwards tilting related to the Taconian Orogeny but 
the overall circular shape of the basin was maintained. Several episodes of basin-centred 
subsidence occurred (Mid-Late Silurian, Mid-Devonian) resulting in further deviations 
from slow background subsidence. The Acadian Orogeny resulted in a second episode of 
eastwards tilting during the Late Devonian and Mississippian. 
6.7 Uplift considerations 
The Michigan Basin is circular at outcrop as well as in isopach maps. Circular 
outcrop patterns are most readily achieved by peripheral uplifts whereas basin-centred 
subsidence is required to form circular isopachs. However, uniform uplift of a basin with 
circular isopachs may also result in a circular outcrop pat.tern. This section will concern 
itself with the uplift history of the Michigan Basin area as subsidence has already been 
considered in great detail above. 
The Michigan Basin is surrounded by a number of arches or basement uplifts 
(Figure 1.8), which are apparent in isopachs and regional geological maps. Uplifts along 
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Figure 6.17: Summary of the varying controls on subsidence in the Michigan Basin through the Palaeozoic. 
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the Kankakee Arch of northern Illinois and Indiana and the Cincinnati/Findlay/Algonquin 
Arch system of Ontario and Ohio define the Michigan Basin at outcrop. Atherton (1971), 
Sanford et al. (1985) and Kolata & Nelson (1991a) show that both of these arch systems 
were uplifted periodically from the Ordovician until the end of the Mississippian. 
Moyer, ] 982 Vitrinite reflectance. 
Nunn & Sleep, 1984 Deviation from model subsidence. 
Cercone, 1984 Vitrinite reflectance; comparison with 
other basins; assumed continuous 
subsidence rate; extrapolation of dipping 
horizons to basin edge. 
Vugrinovich, ] 988 
Crowley, 1991 
Shale sonic velocities. 
Apatite fission track analysis. 
1219-2133 m 
155 m 
1000 m 
< 850 m 
>2km 
Table 6.1: Previous estimates for post-Pennsylvanian uplift of the Michigan Basin 
? 
? 
Uniform 
Basin-centred 
Uniform 
Estimates of denudation within the Michigan Basin range from 155 m to 2133 m 
(Table 6.1 ). All the cited studies agree that denudation occurred prior to deposition of the 
thin veneer of Jurassic (Kimrneridgian) age rocks near the centre of the Michigan Basin, 
which have not been deeply buried. The minimum estimate of 155 m of Nunn & Sleep 
( 1984) comes from theoretical subsidence modelling and has no independent constraints. 
A pilot vitrinite reflectance study by Moyer (1982) preceded Cercone (1984), which was 
the only study to seek corroborative evidence. This evidence included the thickness of 
comparable units in the Illinois Basin and examination of outcropping strata at the 
depositional limits of the Michigan Basin. Although the estimate of denudation made by 
Cercone (1984) is similar in magnitude to that of Vugrinovich (1988; Table 6.1), the 
inferred style of denudation vary markedly between the two studies. Vugrinovich (1988) 
concluded that denudation was greatest in the area of well m_74 and was negligible 
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approximately 150 km away from this point; this basin-centred pattern of denudation 
disagrees with the outcrop pattern. However, the Coldwater Shale used in the sonic 
velocity study of Vugrinovich (1988) is of near uniform thickness through the basin and 
does not thin to its outcrop edge (e.g. Cercone, 1984). Hence denudation occurred beyond 
the limits of the Coldwater Shale and the basin-centred denudation hypothesis is 
discounted. Crowley (1991) found that widespread denudation of the Michigan Basin and 
neighbouring Canadian Shield occurred. He studied fission track lengths in apatites in 5 
wells around the margins of the Michigan Basin (wells m_80, in_34, m_237, m_87 and a 
fifth well on the shores of Lake Erie) and concluded that the missing sediment was 
deposited m the Pennsylvanian and Permian and was probably derived from the 
AJleghenian Orogeny on the Appalachian margin. Accordingly, the isopachs of missing 
Permian strata thickened to the east. Denudation was found to have occurred in the 
Triassic, presumably as a result of post-orogenic isostatic rebound. As the basin was 
geometrically circular by the Carboniferous, a pattern of denudation that was uniform or 
tilted slightly to the east (as inferred by Crowley, 1991) would result in a circular outcrop 
pattern. 
In order to test the possible effects of missing overburden on the subsidence results 
above, a composite section has been compiled for well m_81, taking the upper bounds of 
the denudation estimates above. 2000 m of missing overburden was added to the 
stratigraphy in well m_81 . The additional overburden should result in additional 
compaction and hence, additional subsidence. However, the result of this test was to 
leave the modelled ~ factor for the Cambrian rift event unchanged at 1.13. This is 
unsurprising as the Cambro-Ordovician rocks are dominated by · carbonates and are 
already at depths of several kilometres, and hence little additional compaction occurs. 
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Moreover, the form of the subsidence curve after the Middle Ordovician remains 
unchanged, as does the overall interpretation. 
6.8 Discussion 
Subsidence analysis has shown that the Michigan Basin achieved an initial circular 
shape without a basin-centred mechanism. A combination of rifting, peripheral uplifts 
and orogenic tilting formed the Michigan Basin as an isolated circular structural feature 
by the end of Ordovician times. Basin-centred subsidence did occur in the Silurian and 
Early Devonian, but of a maximum 1700 m of Cambrian to Mississippian subsidence, 
only 410 m was achieved during intervals of basin-centred subsidence. 
The analysis of subsidence here demonstrates that the Michigan Basin was initiated 
as a Cambrian rift and was subsequently affected by surrounding uplifts and tilted during 
collisional episodes. Through this combination of events, the Michigan Basin achieved a 
circular shape. Prior to a second collisional tilting episode late in the Devonian, a period 
of concentric subsidence did occur, which remains unexplained. Presumably, inducing 
basin-centred subsidence within a pre-existing concentric feature is more straightforward 
than the initial creation of a large circular basin. A circular outcrop pattern is mostly 
likely the result of an almost uniform period of pre-Jurassic denudation of the region. A 
cartoon summary of the Michigan Basin demonstrates the evolution from a Cambrian rift 
to a circular basin (Figure 6.18). 
Most models for formation of the Michigan Basin which have been proposed can 
be rejected immediately in the light of this systematic analysis of subsidence. It is not 
possible for example to attempt to fit a single thermal exponential decay curves to the 
observed subsidence. Modelling multiple episodes of lithospheric heating or extension 
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Form of Basin 
? 
Pre-Jurassic erosion surface 
Tectonic Events 
Cambrian rifting followed by 
E. Ordovician post-rift subsidence 
Peripheral uplifts result in deposition 
localised to basin centre 
Taconian Orogeny causes eastwards 
tilting. 
Sporadic basi n-centred subsidence 
events in L. Silurian and E. Devonian 
Acadian and Alleghenian Orogenies 
result in deposition of eastwards 
thickening sequences through the 
Carboniferous and Permjan . Some 
inversion on faults, forming surface 
folds . Dashed line marks post-
Palaeozoic erosion level in (f) . 
Pre-Jurassic denudation leads to 
approximate circular pattern of 
outcrop. 
Figure 6.18: Cartoon sketches illustrating the evol ution of the Michjgan Basin, as interpreted in this study . 
Thick lines are faults. The letters A-F indicate the basin sequences with different depositional styles (see 
Figures 6.4, 6.5 and 6.14). 
174 
CHAPTER 6: THE MICHIGAN BASIN 
might produce a good fit to the subsidence data, but there is no independent evidence to 
support such hypotheses. Mechanisms such as metamorphic phase changes require the 
presence of the precursor phase and suggest prolonged, non-episodic subsidence. The 
Precambrian basement under the Michi~an Basin experienced both collisional 
(Grenvillian) and extensional (Keweenawan) tectonism prior to the development of the 
Palaeozoic basin and so it is unlikely that meta-stable rocks would have been available 
for phase transition. Intraplate stress mechanisms such as those of De Rito et al. (1983) 
and Howell & van der Pluijm (1990) which induce isostatic readjustment of a mass 
excess are not supported by the evidence. The small positive gravity anomaly supposed to 
reveal a mass excess does not underlie the basin centre and the timing of basin-centred 
subsidence episodes does not always coincide with orogenic activity. 
This study concludes that a variety of basin-forming mechanisms operated through 
the Palaeozoic history of the Michigan Basin, and a successful fusion of these processes 
is needed before a fuller understanding of the basin can be achieved. The maps of 
evolving tectonic subsidence in the Michigan Basin (Figure 6.13) provide an essential 
constraint for future models. 
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7.1 Introduction 
The Hudson Platform underlies some J .2 million km2 of Arctic wilderness in 
northeast Canada (Figure 7 .1 inset). The platform is made up of four main Palaeozoic 
basinal areas, each unconformably overlying the Precambrian of the Canadian Shield 
(Figure 7.1). The largest is the Hudson Bay Basin, which lies mostly under the present 
day Hudson Bay and is regarded as one of the classic intracratonic basins (e.g. Quinlan, 
1987; Bally, 1988). It is a saucer-shaped structure with the youngest sedimentary rocks 
(Devonian) cropping out in the centre and the oldest rocks (Ordovician) fringing the edge 
of the basin. The basin is almost 1,000 km wide, but the actual thickness of sedimentary 
rocks is barely 2 km (Figure 7 .1 ). Hence the basin is a very long wavelength, low 
amplitude feature whose aspect ratio does not strictly compare with the other 
intracratonic basins of North America. A negative free-air gravity anomaly coincides with 
both the present-day bathymetry and the Palaeozoic basin. 
To the south of the Hudson Bay Basin lies the Moose River Basin, which contains 
less than 1 km thickness of Ordovician to Devonian rocks. To the north and north-east is 
a complex of graben underlying the Hudson Strait and further north again is the Foxe 
Basin. The area of Palaeozoic cover to the east along the Hudson Straits is known as the 
Ungava Basin. In addition to the four principal basins, a few small, widely scattered, 
Palaeozoic outliers occur across the Canadian Shield (Wade et al., 1977). Across the 
entire Hudson Platform, the thickness of Palaeozoic sediments is at most only 2.5 km 
(under eastern Hudson Strait). A geological map of the Hudson Platform is shown in 
Figure 7.2. 
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This chapter will analyse the subsidence history of the Hudson Platform, beginning 
with a detailed study of the Palaeozoic basins and going on to examine the present-day 
Hudson Bay. 
Precambrian of 
Canadi an Shield 
90°w 85° 80° 
Figure 7. 1: Depth to Precambrian basement under Hudson Platform (modified from Sanford, 1987). The 
principal identified faults and the locations of the four main basins are also shown. CHBH = Central 
Hudson Bay High. Inset: Location of Hudson Platform . 
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Figure 7.2: Geological map of the Hudson Platform (from Sanford & Grant, 1990). 
7.2 Stratigraphic and structural history of the Hudson Platform 
The Canadian Shield underlying the Hudson Platfo1m consists of Archean crust of 
the Superior and Hearne Provinces, transected by the 1.8-2.0 Ga Trans-Hudson Orogen 
( e.g. Hoffman, 1988; Hoffman, 1989). This latter feature is of interest in that it runs 
approximately under the centre of the Hudson Bay Basin. Owing to lack of exposure, little 
is known about these basement structures in the Hudson Bay Basin area and extrapolation 
of the belt across the bay area have been based on mostly on aeromagnetic 
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and gravity data, with limited seismic and geochemical work (Roksandic, 1987; Snyder et 
al., 1996). The significance of the Proterozoic basement for the Phanerozoic development 
of Hudson Bay is difficult to assess. Many of the structures observed in the Palaeozoic of 
the Hudson Bay Basin mirror closely the trends of the Trans-Hudson Orogen and 
reactivation of earlier fault structures thus seems likely. For example, Suchy & Stearn 
(1993) report that Silurian faults in the Moose River Basin reactivate older structures. A 
detailed study of the Proterozoic of the Canadian Shield is beyond the scope of this study. 
It is necessary to have an awareness of geological events across the Hudson 
Platform so that the Hudson Bay Basin can be considered in its full geological context. A 
stratigraphic summary of the Palaeozoic of the Hudson Bay Basin is given in Figure 7.3 
and its correlations with other areas of the Hudson Platform are shown in Figure 7.4. 
Deposition commenced on the Hudson Platform with the influx of sandstones and 
succeeding carbonates belonging to the Early Ordovician Admiralty Formation . This thin 
unit is confined to the Foxe Basin and Hudson Straits areas of the Hudson Platform 
(Trettin, 1975). Sedimentation recommenced in the Whiterockian (Middle Ordovician) 
with the Ship Point Formation, a series of shallow marine sandstones and stromatolitic 
dolomites. These strata reach a thickness of 180 m and again are confined to the northern 
part of the Hudson Platform (Sanford, 1987). The Middle and Late Ordovician Bad 
Cache Rapids Formation trangressed over the Ship Point and by the Late Ordovician 
covered the entire Hudson Platform. It forms the basal unit in both the Hudson Bay Basin 
and the Moose River Basin. It is a fossiliferous nodula( limestone which has direct, 
lithologically similar correlatives in the Williston Basin, the Michigan Basin and across 
Arctic Canada (Sanford, 1987). The Bad Cache Rapids Formation is overlain by a thin 
organic shale, the Boas River Shale, which correlates with the Taconian flysch-like shales 
of the cratonic interior in the United States (e.g. the Maquoketa Group, Chapter 4) . It is 
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thought to have been derived from the Caledonian/Appalachian orogenic belt. Sanford 
(1987) reports that the deposition of the Bad Cache Rapids and the Boas River was 
influenced by a number of fault trends across the Hudson Platform. The Bad Cache 
Rapids/Boas River Formations are overlapped by the Churchill River Formation, a 
limestone unit which is in turn succeeded by dolomites and evaporites of the Red Head 
Rapids Formation. This unit is the first indicator of isolation of the Hudson Bay Basin. 
Algal biohermal reefs occur in the northern part of the Hudson Bay Basin, indicative of a 
possible restricted marine environment, whilst similar reefs in Foxe Basin contain normal 
marine fauna including, corals, cephalopods and brachiopods (Sanford, 1977). Hence the 
Hudson Bay Basin and Moose River Basin were probably partially isolated from open 
marine areas to the north. The combined thickness of the Churchill River and Red Head 
Rapids Formations varies between 100 m and 200 m across the Hudson Platform 
(Sanford, 1987). 
After a disconformable break, sedimentation recommenced in the Silurian with the 
Llandovery to Wenlock age Severn River, Ekwan River and Attawpiskatformations. The 
record of sedimentation patterns on the Hudson Platform becomes increasingly 
geographically restricted from the Silurian owing to limited preservation outside the 
Hudson Bay Basin and Moose River Basins. The Llandovery and Wenlock is dominated 
by marine carbonates, with reefs separated by deeper inter-reef facies. Isopachs strongly 
reflect the distribution of thick reef building faunas. Sanford (1987) speculates that these 
reef distributions are controlled largely by basement uplifts which surround the basin, 
although the evidence to support this contention is patchy and influenced by outcrop 
patterns . Reefs are documented on the islands to the north of Hudson Bay and along the 
south-western coastlines of the bay. Reefs are also encountered on the structural highs 
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tested by exploration wells in the basin centre, but controls on reef distribution under 
most of Hudson Bay are incomplete. 
From the uppermost Silurian into the Early Devonian a new phase of tectonic 
activity commenced on the Hudson Platform. Deposition of the Kenogarni River 
Formation of Ludlow (Late Silurian) to Geddinian (Early Devonian) age is profoundly 
influenced by basement faulting, particularly near the Central Hudson Bay High (Figure 
7.1). This formation is absent on footwall highs, yet up to 800 m thick on the hanging 
walls (Sanford, 1987). The footwall uplifts divided the Hudson Bay Basin into two sub-
basins and deposition of evaporites suggests that these sub-basins were isolated from 
open marine conditions. The throw on the faults bounding the Central Hudson Bay High 
diminishes away from a maximum, somewhere in the centre of Hudson Bay, such that 
hanging wall subsidence is greatest in the central area of the basin. 
The uplifted footwall areas in the centre of the Hudson Bay Basin and also in the 
south of the Moose River Basin remained topographically high through the Siegenian and 
Emsian (Early Devonian). By Eifelian (Middle Devonian) times, the Central Hudson Bay 
High no longer divided the Hudson Bay Basin into two sub-basins, and the area subsided 
more uniformly, indicating that active faulting had ceased. The Late Devonian Long 
Rapids Formation was deposited under terrigenous conditions and consists of red silts, 
sandstones, carbonates and evaporitic interbeds. 
The sedimentary history of the Moose River Basin closely mirrors that of the 
Hudson Bay Basin, and all the principal depositional units can be correlated between 
them (Figure 7.4). In general, the Hudson Bay Basin contains thicker sequences than the 
Moose River Basin. Sedimentation in the latter was frequently influenced by movement 
on a number of east-west trending faults which bound the basin to the south (Figure 7. 1 ). 
Suchy & Stearn (1993) document movements on these faults during deposition of the 
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Attawapjskat Formation. The area to the south of these faults was intermittently exposed 
and acted as a sediment source. For example, locally derived elastics of the Early 
Devonian Sextant Formation intercalate with marine carbonates of the much wider 
distributed Stooping River Formation (Thorpe, 1988). These same faults south of the 
Moose River Basjn are believed to have experienced minor reactivation during Holocene 
uplift following deglaciation (Suchy & Stearn, 1993). 
7.3 
7.3.1 
Subsidence Analysis 
Introduction 
Subsidence analyses have been carried out on three wells from the Hudson Bay 
Basin and a further three wells from other areas of the Hudson Platform. The locations of 
these wells are shown in Figure 7.5 . and the data sources listed in Table 7.1. 
Area Company Well name TDFmn Data source 
Hudson Bay Basin Canterra Energy Ltd. Beluga 0-23 Precarnbrian Broome , 1995 
Hudson Bay Basin Aquitaine of Canada Polar Bear C-1 1 Precambrian Broomf , 1995 
Hudson Bay Basin Aquitaine of Canada Narwhal South N-58 Precarnbrian Broomt , 1995 
Foxe Basin Aquitaine of Canada Rowley M-04 Precambrian Trettin et al., 1975 
Moose River Basin Ontario Dept. Mines Puskwuche Point Precambrian Hogg et al., 1952 
Ungava Basin Premium Iron Ores Premium Homestead Precambrian Workum et al., 1976 
Ltd. Akpatok L-26 
Table 7. I Sources of data for subsidence profiles on Hudson Platform 
The stratigraphic data from each well were backstripped and inverted for strain rate, 
using the method discussed in Chapter 2. Analysis of results wm begin with those wells 
to the north of the Hudson Bay Basin, in the Foxe and Ungava Basins, before discussion 
of subsidence results from the Hudson Bay and Moose River Basins. 
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• Well location 
-- Cross section (Figures 7.13 & 7.16) 
HB Seismic line (Figures 7.9 & 7.11) 
Narwhal 
South 
Figure 7 .5: Location of wells, seismic lines and principal geographic area mentioned in this chapter. 
7.3.2 Foxe Basin Subsidence Results 
The Rowley M-04 well from Rowley Island in the Foxe Basin (Figure 7.5) 
penetrates the oldest sedimentary rocks of the Hudson Platform. It reached Precambrian 
basement having passed through a thin sequence belonging to the Admiralty and Ship 
Point Formations. 
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Figure 7.6: Subsidence analyses from Foxe Bay Basin (Rowley Island) and eastern Hudson Straits 
(Akpatok Island), located in figure 7.5. 
The well shows slow (-2 m/Ma) subsidence through most of the Ordovician 
(Figure 7.6), until an episode of rapid (-10 m/Ma) subsidence from about 450 Ma (Late 
Ordovician). This rapid subsidence is accompanied by variable lithological patterns 
across the Foxe Basin area, leading Trettin (1975) to infer tectonically controlled 
variations in subsidence rates. A number of faults are evident around Foxe Bay which 
were probably active during the Late Ordovician (Figure 7.2; Trettin, 1975). Although the 
stratigraphic record is thin and results are accordingly tenuous, minor amounts of 
horizontal extension (minimum ~ = 1.02) are probably responsible for the rapid 
subsidence. The peak strain rate calculated is about 3.0 Ga- 1 (10- 16s- 1) and occurs at 445 
Ma (Late Ordovician). 
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7.3.3 Hudson Straits and Ungava Basin subsidence results 
Akpatok L-26 well of Akpatok Island in the Ungava Basin lies to the south of the 
grabens in the Hudson Straits and penetrates Middle/Late Ordovician strata before 
reaching Precambrian basement. The absence of Early Ordovician stratigraphy means that 
it is difficult to relate subsidence here to the Foxe Bay Basin. Results, however, also 
indicate rapid Late Ordovician tectonic subsidence ( -9 m/Ma), which, if modelled for 
strain rate with lithospheric extension gives a ~-factor of 1.04 and peak strain rate of 
about 5.0 Ga- 1 (l.6x 10- 16f 1) (Figure 7.6). There is evidence to support the suggestion that 
extension occurred at the same time as Late Ordovician rapid subsidence. McLean et al. 
(1986) published seismic profiles from the north side of Hudson Strait and further west 
along Hudson Strait close to the entrance to Hudson Bay, on which fault displacement of 
Precambrian basement and growth of Ordovician stratigraphy is observed. In addition, 
they document a seismically inferred thickness of between 1,650 and 2,060 m of 
Ordovician and Silurian rocks across a half-graben bounding fault to the north of 
Akpatok Island, indicating substantial fault growth. ~-factors in the grabens/half grabens 
in the Hudson Straits are therefore expected to be much greater than 1.04. An estimate of 
the amount of subsidence in the Hudson Straits has been made by assuming that the 
stratigraphy present is the same as that encountered in Akpatok L-26, yet with expanded 
thicknesses (taking McLean et al. 's ( 1986) thickness estimates). The calculated ~-factor 
was 1.15, with a peak extensional strain rate of 16.0 Ga- 1 (5.lx10- 16s-'). 
7.3.4 
7.3.4.1 
Hudson Bay and Moose River Basins. 
Subsidence Results 
Subsidence analyses from the Beluga, Polar Bear and Narwhal South wells, located 
in Figure 7.5, are shown in Figure 7.7. All three wells show rapid subsidence (- 15 rn/Ma) I 
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from the Late Ordovician (Bad Cache Rapids Formation; Figure 7.3), which slows 
through the Middle Silurian (-2 m/Ma). The Polar Bear and Beluga wells exhibit a 
second episode of rapid subsidence from the Middle Devonian (about 380 Ma). Middle 
Devonian stratigraphic information was not available from the Narwhal South well. 
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Figure 7.7: Subsidence analyses from three wells in Hudson Bay, located in Figure 7.5. 
The first episode of rapid subsidence, in the Late Ordovician/Early Silurian, has a 
two-stage character, with a brief (- 6 Ma) period of slower subsidence rates at the base of 
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the Silurian. This decrease is represented by the slight unconformity between the 
Ordovician Red Head Rapids Formation and the Silurian Severn River Formation. 
Roksandic (1987) cast doubt on the presence of this unconformity after failing to 
recognise it on seismic data. As this unconformity lies between two limestones and is not 
angular, it is not clear, however, that it would be a strong seismic reflector. It is not 
certain, therefore, whether this pause in the subsidence is genuine or an 
artefact of imprecise stratigraphy. Inverting subsidence data gives ~-factors between 1.06 
(Polar Bear) and 1.10 (Beluga) and respective peak strain rates of 6.3 Ga- 1 (2.0x10- 16s- 1) 
and 7.0 Ga-' (2.2x10- 16s-'). A second episode of rapid (-20 m/Ma) subsidence in the 
Middle Devonian has not been modelled, owing to a lack of evidence supporting an 
extensional origin; its possible significance is discussed later. 
The subsidence profile from the Puskwuche Point well in the Moose River Basin 
shows rapid subsidence from the Late Ordovician until uppermost Silurian times (Figure 
7.8). The amount of extension required when inverting subsidence for strain rate is small, 
with a ~-factor of 1.04, and a peak strain rate of 5.0 Ga- 1 (l.6x 10- 16s-1). · 
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Figure 7.8 : Subsidence analysis from Puskwuche Point well, St. James Bay, Moose River Basin. See Figure 
7.5 for location. 
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7.3.4.2 Independent evidence for extension 
The subsidence results from the Hudson Bay Basin suggests that there have been 
several periods of minor lithospheric extension. This result, in the light of the controversy 
concerning the origin of the basin, requires close examination. A principal concern must 
be whether or not sufficient extensional faulting of the required ages exists. Evidence for 
a number of periods of faulting is found in the Hudson Bay Basin, mostly along the 
Central Hudson Bay High, but also in the presence of a more widespread pattern of 
faulting. Faulting around the Central Hudson Bay High will be considered first before a 
discussion of the possibihty of more extensive faulting. 
Seismic line HB3 demonstrates growth across a number of faults between the Late 
Ordovician and the Middle Silurian (Figure 7.9). Sanford and Grant (1990) showed that 
the Late Ordovician Boas River Shale thins markedly onto structural highs and the same 
observations have been made for the entire Ordovician and Early Silurian interval from 
seismic mapping (Roksandic, 1987). Roksandic (1987) recognised this same period of 
faulting on an extensive seismic database across the Hudson Bay Basin. Stratigraphic 
units are thin or absent on the footwall high blocks and thicken markedly onto hanging 
wall blocks. On much of the dataset interpreted by previous workers (e.g. Roksandic, 
1987), the basement reflector was apparently poor and depth to basement was assumed to 
parallel the top-Ordovician reflector (Figure 7 .10). If syn-sedimentary faulting has 
occurred, this assumption must be flawed. It is therefore likely that the number of faults, 
and the magnitude of Ordovician stratigraphic gro\Yth across them, have been 
underestimated. 
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Figure 7.10: Two-way-time structure map on top Ordovician reflector (from Roksandic, 1987). 
Faulting occurred in Late Silurian to earliest Devonian times, during deposition of 
the Kenogami River Formation. Seismic profiles indicate that up to 200 rris (TWTT) of 
growth resulted from subsidence of hanging wall blocks, equating to 300-400 m, 
assuming a velocity of 3-4 kms-1 (e.g. HBl; Figure 7.11). Footwall uplift and erosion is 
evident on seismic section HBl, especially in the area of well Walrus A-71. This well 
was not inverted as the footwall position results in the absence of much of the 
stratigraphic section. 
Extension during the Late Silurian to earliest Devonian interval could explain 
additional subsidence of hanging wall blocks but such extension is not immediately 
apparent on subsidence profiles (Figures 7.9 and 7.11). It is not observed, for example, in 
the Polar Bear well, where only a thin Upper Silurian section was logged. Late Silurian 
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subsidence is not seen in the Narwhal South well, which occupies a structurally high 
position to the east of the Central Hudson Bay High. The Beluga well, which lies slightly 
off structure to the west of the Central Hudson Bay High, shows rapid (- 12 m/Ma) 
subsidence continuing through the Late Silurian (Figure 7 .7). This subsidence is difficult 
to resolve from earlier rapid subsidence as it follows so soon afterwards. The subsidence 
analysis hence suggests that rift subsidence continued from the Late Ordovician until the 
Late Silurian. The modelled decrease in subsidence rates show that the upper part of the 
Kenogami Formation represents post-rift subsidence, when strain rates dropped to zero. 
As a result of its footwall position, the Polar Bear well is missing much of the syn-
rift stratigraphic section and does not record rapid Late Silurian subsidence. Seismic 
profile HB 1 showed approximately 300 - 400 m of Late Silurian growth across faults, 
and so this thickness of strata has been inserted into the tops of the Polar bear well to 
form a composite (hanging wall) well. A subsidence profile of this synthetic well has a 
form similar to that of the Beluga well, but with only a slightly increased ~-factor from 
l.06 to l.07 (Figure 7.12). 
The sub-basins formed by footwall uplifts along the Central Hudson Bay High 
during Late Silurian rifting existed until Eifilian times. The Moose River Formation 
(Early Eifilian) is locally absent, whereas the Murray Island Formation (Late Eifilian) 
drapes across the Central Hudson Bay High. This gradual submergence of the Central 
Hudson Bay High therefore represents in-filling of post-rift topography. Subsidence 
curves showing continued rapid subsidence from the Late. Ordovician to Late Silurian 
indicate that the separate episodes of rifting identified on seismic data may represent 
different stages of a possible single rift event. 
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Figure 7 .12: Subsidence analysis for a synthetic hanging wall section based on the Polar Bear C-11 well, 
accounting for the effects of footwall erosion. 
7.3.4.3 Determination of stretching factors from seismic profiles 
An analysis of the amount of stretching evident from faults on seismic data (Ef) has 
been carried out. This analysis involved measuring basement reflector lengths between 
fault blocks and comparing with the overall length of the seismic line. The resulting 
estimate of extension can be compared with that calculated from subsidence (Es; 
Equation 2.8). The seismic estimates are based on the profiles in Figures 7.9 and 7.10 and 
the interpreted line of Dimian et al. (1983). Extension was calculated along this 169 km 
transect between the Polar Bear and Narwhal wells. Es was estimated at 11. l ±3 km and 
Ef at 12.4 km. These calculations show that the amounts of stretching observed on 
seismic data are in good agreement with those calculated from subsidence analyses, 
although the overall amount of extension remains small. 
7.3.4.4 More widespread faulting 
As discussed above, seismic mapping of Precambrian basement utilising the top 
Ordovician reflector is likely to underestimate extensional faulting (e.g. Roksandic, 
1987). Moreover, regional seismic sections show that faulting occurred over a wide area 
and was not just restricted to the Central Hudson Bay High (Figure 7 .13). Seismic 
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profiling has been mostly limited to the central areas of Hudson Bay and Roksandic's 
:J-. 
(1987) fault maps are restricted by the spatial limits of his seismic database (Figure"lO). 
He considers, for example, that faults of the Central Hudson Bay High continue to the 
southeast towards the Moose River Basin but he did not have adequate seismic coverage 
to confirm this inference. In addition, basement structure maps show that towards the 
northern end of the Central Hudson Bay High, the main northwest trending faults 
terminate against a large northeast trending fault (Figure 7.10). This fault is at the edge of 
the extensive seismic grid and so has not been mapped in detail. This fault possibly joins 
the complex of faults in the Coats Island area and would therefore tie the graben 
complexes of the Hudson Straits to the Central Hudson Bay High and south towards the 
Moose River Basin. Using seismic data, McLean et al. (1986) demonstrated substantial 
Ordovician and Silurian growth on faults in the Hudson Straits near the entrance to 
Hudson Bay. Hence an array of normal faults may underlie the centre of the whole belt of 
Palaeozoic outcrop on the Hudson Platform. Faults on a northeast-southwest trend 
between Coats Island and the centre of the Hudson Bay Basin are shown by some authors 
to have a strong influence on basin isopachs (e.g. Roksandic, 1987; Thorpe, 1988). This 
trend is parallel to a number of magnetic highs, thought by Roksandic (1987) to mirror 
basement structural trends. Furthermore, Roksandic (1987) showed that Precambrian 
basement structures were reactivated as normal faults in the Central Hudson Bay High, 
and it is likely that similar basement structures elsewhere may also have been involved in 
Palaeozoic tectonism. 
It is likely that faulting during Late Ordovician/Early Silurian times occurred over a 
wider area of the Hudson Platform, whereas faults bounding the Central Hudson Bay 
High took up the majority of displacement during the Late Silurian. This hypothesis 
would explain the greater amount of post-rift (Early Devonian) subsidence in the centre 
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of the Hudson Bay Basin, overlying the Central Hudson Bay High. Whilst faulting has 
been identified throughout the Hudson Platform during the Late Ordovician, little 
Devonian faulting has been recognised. 
7.3.4.3 Middle/Late Devonian Subsidence 
A third episode of subsidence, from the Givetian (Middle Devonian) to Famennian 
(Late Devonian), was recorded in two Hudson Bay Basin wells (Figure 7.7). This 
subsidence is seen on the subsidence profiles of the Beluga and Polar Bear wells and 
represents deposition of the Williams Island and Long Rapids Formations. No faulting 
has been associated with this last subsidence episode. The rift hypothesis for the 
Ordovician, Silurian and Early Devonian subsidence accounts for most of the subsidence 
in all wells analysed, and so only up to 200 m of Late Devonian tectonic subsidence 
needs to be accounted for (Table 7.2). This additional subsidence may of course represent 
a minima, as the amount of overlying strata subsequently removed is unknown. 
Well Extensional Additional Subsidence 
Subsidence Subsidence Unaccounted For 
....•..... -.................... ··-·-.. -· 
·--------·-----·--
Beluga 600m 200m 25% 
Polar Bear 400m 180m 31% 
Narwhal South ·42om Orn 0% 
Table 7 .2 Quantification of tectonic subsidence in Hudson Bay Basin unaccounted for by rift hypothesis. 
The present-day extent of strata accommodated by Late Devonian subsidence is 
also small compared to the overall size of the basin, and is represented by the area of 
outcrop of the Williams River Formation (Figures 7.2 and 7.14). The small scale of the 
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additional subsidence required is further illustrated in Figure 7 .13. The time structure 
map on the base of the Givetian (Figure 7.15) shows the Late Devonian occupying only a 
small oval area above the Central Hudson Bay High. 
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Figure 7.15: Two-way-time structure map on top Moose River Formation (from Roksandic, 1987). The 
dashed line indicates the limits of Phanerozoic sedimentary rocks. 
This additional subsidence occurs in both the Hudson Bay and Moose River Basins 
during the Middle/Late Devonian, although, in the latter case, the appropriate strata were 
not penetrated by the Puskwuche Point well (Figure 7.8). The Devonian rocks in the 
Moose River Basin are very similar to the correlative dark shales (interbedded with thin 
limestones) of the Michigan Basin (e.g. the Antrim Shale; Chapter 6) and Sanford (1987) 
concluded that these elastics had the same source, the Appalachian Orogen. Late 
Devonian sedimentary rocks in the Hudson Bay Basin similarly consist of argillaceous 
198 
CHAPTER 7: THE HUDSON BAY BASIN 
deposits, with minor carbonate and gypsum interbeds (Sanford, 1987). It is postulated 
here that the subsidence in the Late Devonian is causally related to craton margin 
collisional tectonics. There is no suggestion that the Late Devonian strata were restricted 
simply to the area in the centre of Hudson Bar, and so there is little reason to suppose 
that subsidence was in any way basin-centred. 
7.3.5 Mesozoic Subsidence of the Hudson Platform. 
Sanford and Grant (1990) document thin deposits of Cretaceous (Albian/ 
Cenomanian) rocks in the centre of the Hudson Bay Basin and in the Hudson Straits. In 
addition, Jurassic and Cretaceous (Albian) rocks are known from the Moose River Basin 
(Figure 7 .2; Norris, 1993). These are all believed to be deposited under an extensional 
regime, related to the opening of the Atlantic Ocean (Norris, 1993). In the Hudson Straits, 
Cretaceous sedimentary rocks are observed on seismic data to lie principally on the 
hanging wall blocks of half-graben (McLean et al., 1986). Moreover, in the Moose River 
Basin, the distribution of Mesozoic sedimentary deposits was controlled. by a bounding 
fault on the southern side of the basin. This fault created an escarpment from which the 
sediments were sourced (Suchy & Stearn, 1993). The greatest thickness recorded is 
however only 141 m, in the south central part of the Moose River Basin. A small amount 
of basic intrusive activity is also recorded in the basin, with K-Ar age dates of 128 ± 18 
Ma (Early Cretaceous), slightly preceding Albian deposition (Norris, 1993). 
A thin sequence of Cretaceous rocks has also been r~ported from the centre of the 
Hudson Bay Basin (Figure 7.3). Sanford and Grant (1990) suggested that Cretaceous 
deposition was permitted by structural collapse following dissolution of evaporites within 
Devonian sequences. Seismic line HB 1 could however be interpreted to show minor 
deformation/slumping above faults that must post-date the Late Devonian (Figure 7 .11; 
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near Walrus well). This fault, which underlies an area of Cretaceous outcrop, may have 
experienced minor extensional reactivation during the Cretaceous, as reported in the 
Hudson Straits and the Moose River Basin (McLean et al., 1986; Norris, 1993). The 
significance of the Cretaceous rocks is that they may reveal information about the long 
term evolution of the Hudson Platform. As the circular pattern of outcrop in the Hudson 
Bay Basin is a result of underlying geology (salt collapse) and Cretaceous rocks occur 
elsewhere across the Hudson Platform, it does not seem likely that the basin was a 
particular focus of Cretaceous subsidence. 
7.4 A Circular Basin? 
7.4.1 Introduction 
The saucer-shape of the Hudson Bay structural depression in which Phanerozoic 
sedimentary rocks are preserved has triggered a great deal of speculation about basin 
origin and evolution. In order to understand the significance of this shape, it is necessary 
to consider firstly whether the Palaeozoic Hudson Bay Basin was always a circular 
feature, and secondly, if the present day Hudson Bay and the Palaeozoic Hudson Bay 
Basin are causally related in any way. This section will address each issue in turn. 
7.4.2 A Circular Palaeozoic Basin? 
The suggestion that the Hudson Bay Basin and the Hudson Platform were formed 
by extension goes some way to addressing the question of th~ original shape of the basin. 
Rifts are inherently linear in nature, suggesting that the circular shape results from post-
depositional tectonic activity. Regional cross-sections (Figures 7.13 and 7.14) also 
indicate that the basin was not radially symmetric. These sections show no pinching out 
of strata towards the limits of their outcrop (i.e. their outcrop limits do not reflect their 
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depositional limits). Indeed these sections show that the units remain reasonably uniform 
in thickness between the Moose River and Hudson Bay basins, with no onlap apparent. 
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Figure 7.16: Isopach map (in metres) of Williams Island Formation (taken from Norris, 1993). 
Elliptical isopachs are reported for several intervals in the Late Devonian of the 
Hudson Bay Basin (Figure 7.16;. Thorpe, 1988; Norris, 1993), although the amount of 
variation within these isopachs is small (at most 180 m in 100 km). Circular isopachs are 
significant in that th~y indicate a circular depositional area, although the well database on 
which the Hudson Bay Basin isopach maps are based is limited. The intervals for which 
circular isopach maps are shown, the Williams Island, Murray Island and Long Rapids 
Formations, have full sections penetrated by only three wells (Figure 7.17). Moreover, the 
Long Rapids Formation (the youngest Palaeozoic unit in the basin) has an unconformable 
top surface and so thickness measurements are meaningless. Units below the Murray 
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Island Formation do not give any indication that their depocentres lay near the centre of 
the present day outcrop (Figure 7 .17). Such a small database makes it difficult to warrant 
drawing circular isopachs. 
Williams Island Formation Murray Island Formation 
Moose River Formation Upper Kwatobohegan Formation 
Figure 7 .17: Map showing the reported thicknesses (in metres) of Devonian units in wells in the Hudson 
Bay Basin (Data taken from Thorpe, 1988; well identifications given in Figure 7.5) . These data have been 
used to draw circular isopachs in the basin. Line indicates position of Figure 7 .13 . 
Examination of unreleased seismic data does not reveal noticeable thinning of 
depositional units, again questioning the validity of the basin-centred isopachs (Broomes, 
1995). Moreover, the lithological maps of Norris (1993) do not show circular facies belts 
within the basin and give little indication of lateral facies variation. Sub-circular isopachs 
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are also reported in the Moose River Basin during the Middle and Late Devonian (Norris, 
1993) but as these thin units have correlative equivalents in the Appalachian and 
Michigan Basins, it is likely that their elliptical geometry is preservational, not 
depositional, in origin. It is therefore proposed that the circular shape of the Hudson Bay 
Basin results from post-Devonian structural modification of the Hudson Platform. 
Crowley (1991) concluded from apatite fission track analysis of the Canadian Shield 
between the Hudson Platform and the Michigan Basin that between 3-5 km of 
overburden were removed after the Pennsylvanian, probably in Triassic time. 
I conclude that the Palaeozoic Hudson Bay Basin was not a circular depositional 
feature and hence that the present-day shape of the structural depression and outcrop 
pattern must express later events. Palaeozoic subsidence of the Hudson Platform, and in 
particular the Hudson Bay Basin, can be accounted for without resort to unusual 
mechanisms. A possible reason for the shape of the Hudson Bay Basin is given below. 
7.4.3 Hudson Bay Today 
One of the intriguing observations concernmg the Hudson Bay Basin is its 
coincidence with Hudson Bay itself, with the basin centre occupying a position close to 
the centre of the bay. The outcrop pattern also mirrors the physiography of the bay. This 
section will consider the reasons for the existence of the present Hudson Bay and 
investigate the possibility of a causal connection with Palaeozoic subsidence in the area. 
A hypothesis is presented in which the Hudson Bay overlies an area of convective 
mantle-downwelling. This downwelling is responsible for the preservation of remnant 
Palaeozoic rocks within an outlier. 
Free-air gravity anomaly maps of North America show a broad negative anomaly of 
up to -50 mgal under the Hudson Bay area (e.g. Figure 1.6; James, 1992). This 
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observation has led some authors to speculate that the present day bay and the free-air 
gravity anomaly exist due to slow isostatic response of the underlying Canadian Shield to 
the removal of the ice load after the last glacial maximum at - 21,000 years (e.g. Walcott, 
1972; Wu & Peltier, 1983). Such a mechanism is unlikely to be the cause of the circular 
shape of the Palaeozoic outcrop however, as it is highly improbable that several 
kilometres of strata could be removed from surrounding areas by the erosional effects of 
2 km of ice. Gray et al. (1993) showed that late glacial marine terraces are presently only 
elevated at around 200 m above sea-level. 
There has been a great deal of recent work on models of uplift following removal of 
ice loads, such models being closely tied to the pattern of raised beaches (e.g. James, 
1992; Peltier, 1994; Mitrovica & Peltier, 1995). James (1992) showed that estimates of 
uncompensated isostatic rebound predict negative gravity anomalies of insufficient 
magnitude, accounting for only 15-30% of the observed free-air gravity anomalies. He 
suggested mantle convection may account for the remaining gravity anomaly. 
Convective mantle downwelling provides an attractive hypothesis to explain the 
Hudson Bay free-air negative gravity anomaly, as the wavelength of mantle convection is 
approximately 1000-1500 km (Crough, 1983; Stothers, 1993), similar to that of the 
gravity anomaly (Figure 1.6). In order to compare the respective effects of mantle 
convection and incomplete ice rebound, admittance analysis has been carried out. 
Corrections have been applied to the free-air gravity anomaly map to remove the 
predicted effects of glacial rebound and mantle convection re,spectively. The admittance, 
Z, for isostatically uncompensated loads is around 137 mgal/km whereas Z for mantle 
convection is predicted to be around 50 mgal/km (McKenzie, 1994). For each possible 
case, a corrected gravity map has been produced using: 
~g· = ~g - ~h z 
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where ~g is free-air gravity and ~h is topography. If the free-air anomaly is caused by 
incomplete isostatic rebound, then the Z = 137 mgal/km map should be flat over the 
Hudson Bay region whereas if the anomaly results from convection, the Z = 50 mgal/km 
map should be flat. The resulting maps are inconclusive, but the Z = 50 mgal/km case has 
less relief over the Hudson Bay area, suggesting that the negative free-air gravity anomaly 
is more likely to be due to mantle downwelling than isostatic rebound following ice 
loading (Figure 7 .18 and 7 .19). As James (1992) showed that isostatic rebound may 
account for up to 30% of the negative gravity anomaly, it is unsurprising that these 
admittance corrections produce an ambiguous result. However, it is considered here that 
mantle convection is the most likely cause of the negative free-air gravity anomaly under 
Hudson Bay. 
Mantle convective downwelling produces a surface depression, just as mantle 
plumes lead to doming of the overlying lithosphere (e.g. Crough, 1983; Stothers, 1993). 
The resulting depression of the lithosphere may account for the bathymetry of Hudson 
Bay today. This mechanism has important implications for the study of -the Palaeozoic 
Hudson Bay Basin. Palaeozoic rocks may arguably occur in the Hudson Bay Basin either 
as a result · of preservation in a mantle-downwelling induced, present-day, surface 
depression or, alternatively, mantle downwelling may have driven subsidence in an 
original circular basin. A connection between the Palaeozoic sequences and possible 
mantle downwelling was suggested by Peltier et al. (1 992), who further proposed that 
convective downwelling may be a cause of subsidence, in other North American 
intracratonic basins. A similar suggestion was made by Middleton (1989) for the 
Palaeozoic Canning Basin of Australia (Chapter 1). Connecting a present day negative 
gravity anomaly (and an inferred dynamic origin) to a Palaeozoic subsidence mechanism 
is problematic, however, as it requires that the gravity anomaly (and the point of 
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convective downwelling) remain static with respect to the craton over long periods of 
geological time (-450 Ma). One proposed mechanism for achieving apparent cratonic 
stasis is that of Courtney (1994; cited in Fowler et al., 1995). As a variation on the mantle 
convection model, Courtney (1994) suggested that the cooling of continental lithosphere 
could produce a descending cool thermal instability at the base of the lithosphere. This 
instability, as part of the lithosphere, would move with the lithosphere and would 
generate a 3 km deep, 600 km wide depression at the surface. Hence Courtney's (1994) 
model would allow the accumulation of sediment in a circular basin in which the 
depocentre would not move. Therefore, this model attempts to tie together the negative 
gravity anomaly (and the existence of Hudson Bay) with Palaeozoic sedimentation. This 
model is problematic however, as Courtney (1994) predicts that a single convective event 
may last for 1 Ga but Palaeozoic sedimentation continued for less than 100 Ma. 
Moreover, the 3 km depression formed would, when in-filled with sediment, form a basin 
of approximately 7.5 km depth, but only 2 km of sediment are observed. Only minor 
(Cretaceous) sedimentation has occurred since the Devonian in Hudson Bay-(attributed to 
evaporitic dissolution; Sanford & Grant, 1990). Hence there is little evidence to suggest 
that the Hudson Bay has been a depressed area since the Devonian. I concluded 
previously that the Palaeozoic Hudson Bay Basin did not exist as a circular entity at the 
time of sedimentation. There is, therefore, little need to consider mantle convection to 
remain fixed with respect to North America from the Ordovician to the present-day. The 
timing of onset of convective downwelling under Hudson Bay is as yet unknown. The 
Cretaceous rocks in the centre of the bay are of little use in this respect, as similar age 
rocks occur in the Moose River Basin and the Ungava Basin (Sanford & Grant, 1990). I 
propose that the mantle convective downwelling has led to Palaeozoic rocks being 
preserved in an outlier. This hypothesis is attractive in that it brings together the three 
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main observations on the Hudson Platform; a Palaeozoic basin, a present day depression 
and a 1500 km wavelength negative free-air gravity anomaly. This model implies that 
downwelling commenced prior to denudation of surrounding areas. The interesting 
question of how and when the remainder of the Canadian shield lost its sedimentary 
cover needs to be addressed if this issue is to be resolved. 
7.5 Implications for the Moho 
Dynamic depression of the lithosphere should result in a Moho that parallels the 
basin formed at the surface. The mantle convective downwelling hypothesis predicts, 
therefore, that the Moho has several kilometres of relief under the Hudson Bay region. 
Accordingly, the Moho should be several kilometres deeper under the Hudson Platform 
than elsewhere on the Canadian Shield. Fowler et al. (1995) estimated from the free air 
gravity anomaly that there would be -3km of relief on the Moho. However, if, as 
suggested above, the subsidence of the Palaeozoic was driven by lithospheric extension 
of -l.07, the Moho should, prior to the onset of convective downwelling, have been 
elevated under the Hudson Platform. 
Hobson (1967) conducted preliminary seismic refraction work in the Hudson Bay 
region . Their experiments indicated a crust that was 30-40 km thick, but were unable to 
resolve any structure on the Moho. Improved seismic data are required to examine this 
issue further. 
7.6 Conclusions 
The Hudson Bay Basin is a broad preservational outlier of Palaeozoic rocks on the 
Canadian Shield. Subsidence of the Hudson Platform was driven by several episodes of 
minor extension in the Ordovician and Silurian (~ < 1.10). Ordovician and Early Silurian 
209 
CHAPTER 7: THE HUDSON BAY BASIN 
extension took place over the entire Hudson Platform. Late Silurian extension, however, 
was localised in the Hudson Bay Basin area, which subsequently acted as a minor 
depocentre owing to greater post-rift subsidence. Minor Late Devonian subsidence has 
been recognised in the centre of the basin, probably associated with the Appalachian 
Orogeny, but occurred over a much greater area than the present day outcrop suggests. 
The Hudson Bay Basin was not a primary circular feature. 
The present day Hudson Bay is not causally related to the Palaeozoic Hudson Bay 
Basin, but the entire region probably overlies an area of convective mantle downwelling. 
This convection, supported by a negative free-air gravity anomaly, causes a depression of 
the surface, permitting the local preservation of Palaeozoic rocks. The Palaeozoic cover 
of the remainder of the Canadian Shield was presumably removed subsequently, a 
suggestion supported by the presence of isolated outliers of basal Palaeozoic rocks across 
the shield (Wade et al., 1977). Detailed work on the removal of Phanerozoic cover from 
the Canadian Shield is now required to validate the hypothesis presented here. 
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8.1 Introduction 
The Williston Basin is a major North American intracratonic basin centred in North 
Dakota (Figure 1.1; 8.1 inset). It is a broad elliptical feature containing almost 5 km of 
Late Cambrian to Tertiary sedimentary rocks. In common with the Hudson Bay Basin, the 
Williston Basin overlies the Proterozoic Trans-Hudson orogenic belt. Recent reviews of 
the stratigraphic and structural evolution of the basin include Longman (1987), Gerhard 
& Anderson (1988) and Gerhard et al. (1991) . 
As a classic intracratonic basin, the Williston Basin has been the subject of a great 
deal of geological interest, and a number of the models described in Chapter 1 have been 
applied to the area (e.g. Ahern & Mrkvicka, 1984; Fowler & Nisbet, 1985). The most 
recent models for the formation of the Williston Basin have been variations on the 
gabbro-eclogite phase change mechanism (e.g. Hamdani et al., 1994). The latest model is 
that of Baird et al. (1995), who used COCORP seismic reflection data to investigate 
crustal structure under the Williston Basin. They observed that seismic reflection data 
showed dipping reflectors under the basin extending into the upper mantle. These 
reflectors are believed to belong to the Trans-Hudson orogen (Nelson et al., 1993). In 
contrast, dipping refl~ctors from further north in central Sask~tchewan terminate at the 
Moho. Baird et al. (1995) proposed that the reflectors under the Williston Basin belong to 
an ancestral crustal root dating from the Trans-Hudson Orogen (l.8 Ga). The remnant 
crustal root was thought to have undergone a phase change to eclogite initiated during a 
heating episode in the Cambrian. This heating event was associated with continental 
break-up (as suggested by Klein & Hsui, 1987) and the resulting phase change drove 
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Palaeozoic basin subsidence. This model gives no consideration to the subsidence history 
of the Williston Basin. 
8.2 Subsidence analysis 
It is not the intention of this study to analyse the subsidence history of the Williston 
Basin in detail. However, a large amount of stratigraphic data has become available, 
forming the basis of a preliminary subsidence study. These data comprise 134 borehole 
sections from within and around the Williston Basin. A complete interpretation of the 
subsidence results within the wider geological framework of the basin is yet to be carried 
out. However, this study still represents the most comprehensive analysis of Williston 
Basin subsidence to date. A location map for the database is given in Figure 8.1, along 
with the overall outline of the basin and the principal structures present. 
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Transect A-A' is the line of an estimation of the amount of stretching discussed in the text. 
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Figure 8.2: Subsidence profiles from 5 wells in the Wi ll iston Basin, located in Figure 8. l. 
The thick line marked 'A' indicates the timing of the Antler Orogeny on the western 
margin of North America (from Oldow et al. , 1988). 
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Subsidence analyses from 5 wells are shown in Figure 8.2. These wells come from 
scattered locations around the basin but each displays a similar pattern of subsidence. 
Those wells that penetrated to Precambrian basement levels record a period of slow 
subsidence from the Late Cambrian, when elastic sediments belonging to the Deadwood 
Formation were deposited on the cratonic edge of the western Cordilleran passive margin 
before a long period of non-deposition until the Middle Ordovician (Gerhard et al., 
1991). Rapid (-12-16 m/Ma) water-loaded subsidence occurred in all wells in the Middle 
Ordovician (from 460 Ma until about 442 Ma). Slower (-2 m/Ma) subsidence continued 
until 380 Ma, when it accelerated to -6 m/Ma, a rate at which it continued for a 
prolonged period of time ( -80 Ma). 
Strain rate inversion was carried out on the backstripped subsidence for all the 
wells in this study. However, inversion was not permitted for the rapid subsidence after 
380 Ma, as a linear pattern of subsidence for 80 Ma is inconsistent with lithospheric 
extension . This omission is justified by the complete lack of Devonian-Mississippian age 
normal faults from the basin (e.g. Gerhard et al., 1991). Subsidence between the Late 
Ordovician and Early Devonian displays an exponential form typical of the thermal 
subsidence predicted by the uniform lithospheric extension model (McKenzie, 1978). 
This event was inverted for extensional strain rate, with ~ factors of up to 1.05 modelled. 
The possible justification for inferring an extensional event at this time is discussed 
below. Inverse modelling results in a single extensional strain rate peak of up to 4 Ga- 1 
(l.3x10-16 s- 1) at -462 Ma (Middle Ordovician). 
8.3 Implications of subsidence results for basin models 
The most commonly proposed models for the subsidence of the Williston Basin 
involve phase changes, from less to more dense rocks, at lower crustal or mantle levels 
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(e.g. Fowler & Nisbet, 1985; Hamdani et al., 1994; Baird et al., 1995). These models 
were outlined in Chapter 1. The evidence cited in support of the phase change hypothesis 
include high velocity (>7 kms- 1) lower crustal rocks (e.g. Morel-a-l'Huissier et al., 1987) 
and the linear pattern of subsidence (Fowler & Nisbet, 1985; Hamdani et al., 1994). This 
section will evaluate the merits of phase change models in the light of the new subsidence 
results . 
The subsidence profiles in Figure 8.2 are not linear, but instead display a three-
stage history in the Palaeozoic. Fowler & Nisbet (1985) concluded that subsidence was 
linear when changes in eustatic sea-level were taken into account. This correction is 
problematic, however, in that the magnjtude of sea-level variation is a controversial topic 
(see Chapter 2). The correction applied by Fowler & Nisbet (1985) and Hamdani et al. 
(1994) was the sea-level curve of Vail & Mitchum (1979). In order to test the effect of 
sea-level curves on the subsidence of the Williston Basin, both the composite sea-level 
curve of Chapter 2 and the sea-level curve of Vail & Mitchum (1979) were applied to the 
backstripped subsidence data from well wl_09 (Figure 8.3). It can be seen from these 
profiles that the sea-level variations are of the correct magnitude to bring the Late 
Ordovician and Silurian subsidence points onto a linear trend extrapolated back from the 
Devonian and Mississippian. A better linear trend is produced by the Vail and Mitchum 
(1979) curve than by that compiled in this study. However, as the frequency of variation 
in both eustatic curves is greater than that of changes in subsidence style, the corrected 
subsidence curve is more noisy than the uncorrected curve .. Moreover, in Chapter 2, it 
was concluded that the magnitude of variation in (non-glacial) Phanerozoic times should 
be of the order of tens, not hundreds, of metres. By implication, the magnitude of sea-
level variation applied to this subsidence profile is too large. Therefore, it is concluded 
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that applying a suitable sea-level correc6on wm not result in a simple, linear, pattern of 
subsidence. 
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Crustal structure information from the Williston Basin is contradictory. The 
'Consortium for Crustal Reconnaissance Using Seismic Techniques' (COCRUST) 
seismic refraction data from just north of the Canadian border shows that lower crustal 
rocks with elevated velocities in the range 7.0-7.2 kms-1 underlie the basin (Hajnal et al., 
1984; Morel-a-l'Huissier et al., 1987). These rocks overlie a mantle where velocities are 
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of the order of 8.0-8.2 kms- 1 The lower crustal high velocity layer was found to be 
slightly thinner under the basin centre than in neighbouring areas and the Moho itself was 
elevated by up to 5 km under the basin centre relative to areas further north in 
Saska.tchewan. Therefore, as there is a 2 km increase in the thickness of Phanerozoic 
sedimentary rocks over the area of the elevated Moho, the regional crustal thickness of 45 
km is effectively thinned by 7 km under the basin. 
The more recent COCORP seismic reflection surveys in the United States portion 
of the basin utilised the velocity information from the COCRUST refraction program. As 
the COCRUST velocity results were used in acquisition and processing, they were 
remodelled for the COCORP survey, with similar results (Baird et al., 1995). The 
COCORP reflection surveys, although poor in quality, identified dipping reflectors below 
the level of the Moho. Baird et al. (1995) speculated that a gabbro-eclogite phase change 
had approached completion within the deeper dipping reflectors, such that they have 
velocities in excess of 8 kms- 1 and can be considered to be seismic indistinguishable from 
the mantle. Baird et al. ( 1995) considered that the reaction front of the phase change 
would probably be gradational upwards, producing the weakly reflective Moho observed. 
However, this gradation is inconsistent with the abrupt change in compressional wave 
velocities at the Moho (from -7.2 kms- 1 to -8.1 kms-1; Morel-a-l'Huissier et al., 1987). 
Moreover, it is unclear how an elevated Moho under the basin results from a gradational 
phase-change reaction front, especially as this reaction is thought to have been initiated 
by a Cambrian thermal event which was experienced over~ much wider area. 
In conclusion, the subsidence profiles from the Williston Basin are not linear and 
the deep crustal seismic evidence is ambiguous. There are some grounds, therefore, for 
re-evaluating the phase change models for the formation of the Williston Basin. In order 
to attempt such a re-evaluation, an alternative hypothesis of Late Ordovician lithospheric 
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extension will be considered, based on the subsidence results of this study. The 
presumption is that the exponential subsidence between the Middle Ordovician and the 
Lower Devonian is caused by lithospheric extension, as modelled above. 
Evidence for lithospheric extension might include the presence of normal faults 
with stratigraphic growth of rocks of the appropriate age. However, owing to the seismic 
velocity problems posed by more than 300 m of glacial drift, the oil exploration industry 
has tended to utilise isopach maps rather than seismic profiling in subsurface mapping in 
the Williston Basin. This preference for isopach mapping has, to a large extent, hindered 
the identification of faulting within the basin. However, Lefever & Crashell (1991) 
showed that the Ordovician Red River Formation has an irregular thickness pattern on 
isopach maps and concluded that these irregularities were due to normal faulting at that 
time. Similar conclusions were drawn by Gerhard et al. (1982) for other Ordovician units. 
In addition, Gerhard & Anderson (1988) state that all the fold structures observed in the 
basin are underlain by major faults and also cite recent oil industry seismic profiles on 
which additional faults are visible. The small amount of extension modelled (~ <1.06) 
means only minor faulting is required. Additional support for an episode of lithospheric 
extension perhaps comes from the crustal thinning reported by Morel-a-l'Huissier et al. 
(1987). 
It is a plausible hypothesis, therefore, that lithospheric extension occurred during 
the Ordovician, coincident with the period of rapid subsidence observed on subsidence 
plots (Figure 8.2). This rifting caused the Ordovician to I;)evonian subsidence of the 
·williston Basin. Taking this hypothesis, and applying Equation 2.8 to the 460 km A-A' 
transect (Figure 8.1), an estimated 18 km ± 8.8 km (taking ~ ± 0.02) of extension is 
predicted. This inferred rifting is approximately coincident with extension in the Hudson 
Bay Basin (Chapter 7). This observation may be of great significance, as the Hudson Bay 
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Basin also overlies the Trans-Hudson orogen and so the Ordovician subsidence episodes 
in both basins may be related. 
The inversion of subsidence data from the Cambrian period yields very mmor 
estimates of extension (~ <1.02; Figure 8.2). Rocks of this age were deposited towards 
the pinch-out line of sequences on a passive margin dating from Late Proterozoic rifting 
along the western margin of North America. These rocks are likely, therefore, to 
represent post-rift onlapping strata and no actual extension is inferred. 
Owing to the 80 Ma duration of the Devonian/Mississippian episode of rapid 
subsidence, inversion for extensional strain rate was not attempted. Brown & Brown 
(1987) documented extensive strike-slip faulting of this age, but few normal faults were 
apparent. An alternative hypothesis for this episode of subsidence is necessary. No 
attempt is made here to resolve this problem. It will suffice to make the observation that 
this episode of rapid subsidence is coincident with the Antler Orogeny on the Cordilleran 
cratonic margin of western North America (Oldow et al., 1988). As stratigraphic 
sequences of this age do not thicken to the west, it is unlikely that lithospheric flexure 
drove this subsidence episode (e.g. Peterson & MacCary, 1987). However, a causal 
connection between the Antler Orogeny and basin subsidence m the 
Devonian/Mississippian 1s possible (cf, the Michigan Basin and the Appalachian 
orogenies, Chapter 6). 
8.4 Conclusions 
I\ 
The evidence that lithospheric extension caused subsidence "' the Williston Basin 
underwent is sparse. However, the discussion does illustrate that existing models for 
basin formation, invoking metamorphic phase changes, are not well constrained and that 
alternative interpretations of the episodic subsidence data are possible. Phase change 
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models remains difficult to test as the relevant petrological evidence is unavailable for 
study. Moreover, geophysical observations of the lower crust cannot constrain the age or 
rate of possible phase changes within the rocks present. 
The exponential subsidence between the Ordovician and Devonian is very different 
to the linear subsidence occurring for 80 Ma from the Late Devonian. Eustatic sea-level 
corrections are not sufficient to remove the multi-stage character of the subsidence 
profiles. It is possible, therefore, that different mechanisms control different subsidence 
periods. In this respect, the observation that the onset of linear subsidence coincides with 
the Antler Orogeny may be an important one. A more detailed integration of the 
subsidence results above into the geological framework is obviously now required, as a 
great deal of information is contained within them. 
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9.1 Implications for existing intracratonic basin models 
Quantification of subsidence of North American intracratonic basins in this study 
provides constraints for discriminating between the plethora of proposed models outlined 
in Chapter 1. This study highlights the need to examine large amounts of subsidence data, 
rather than considering just one or two 'typical' wells, as is the case with most existing 
models. With more subsidence data, it is possible to distinguish between subsidence 
events that are locally controlled and those that are basin-wide. Moreover, with a large 
database it is possible to map tectonic subsidence across a basin and so describe its three 
dimensional evolution. A more thorough knowledge of the subsidence history enables one 
to make comparisons regarding the timing and style of subsidence events in intracratonic 
basins (c.f. Klein & Hsui, 1987; Sloss, 1987). 
The sub-lithospheric models for intracratonic basin formation were considered in 
Chapter 1 to be unlikely candidates for an intracratonic basin subsidence mechanism, 
owing to the difficulty of fixing mantle convection with respect to the lithosphere beneath 
a basin for Icing periods of geological time. No evidence has been documented in this 
study to modify this conclusion. However, present day mantle convective downwelling 
under Hudson Bay is likely to be responsible for the present-day physiography and the 
location of Palaeozoic sedimentary rocks within a large outlier (Chapter 7). 
Intraplate stresses have been cited as a possible mech~nism of intracratonic basin 
subsidence, particularly with respect to the Michigan Basin (e.g. De Rito et al., 1983; 
Howell & van der Pluijm, 1990). However, the mechanism required to lower the flexural 
rigidity of the crust is unclear. Furthermore, the suggested Keweenawan volcanic load 
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does not underlie the centre of the Michigan Basin and the timing of episodes of rapid 
subsidence do not always coincide with orogenic events. 
Models which infer phase changes of lower crustal or upper mantle rocks are 
difficult to discount for the same reason that they are difficult to test; the relevant rocks 
are inaccessible and, where high velocity phases are recognised, it is not possible to 
constrain their ages. In the Williston Basin, a gabbro to eclogite phase change mechanism 
has been proposed by a number of workers (e.g. Fowler & Nisbet, 1985; Hamdani et al., 
1994; Baird et al., 1995). The pilot study of Williston Basin subsidence in Chapter 8 
concluded that the episodic nature of subsidence was unlikely to result from a simple 
phase change following Cambrian heating. The eustatic corrections required to remove 
the episodic character of subsidence are deemed to be unreasonably large. 
The uniform lithospheric extension model has been successfully applied to the three 
intracratonic basins examined in detail in this study. Theoretical subsidence closely 
matches that calculated from well data. Other tectonic mechanisms modify later 
subsidence in the Illinois and Michigan Basins and possibly in the Hudson Bay Basin. 
However, these other causes of subsidence mostly lead to minor deviations from the 
subsidence path predicted by the uniform lithospheric extension model. Close 
examination of basin geology demonstrates the existence of normal faulting at basement 
levels. The general paucity of seismic reflection data hinders a full appraisal of whether 
such faulting is sufficient to account for the predicted amount of extension. However, 
calculations based on existing data suggest that the extension on normal faults is similar 
to that predicted (see Section 9.2). 
In his recent review of intracratonic basins, Klein (1995) concluded that, with the 
exception of the Hudson Bay Basin, all North American intracratonic basins were initiated 
in the Late Cambrian. He used this conclusion to support a model for intracratonic basin 
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formation first proposed by Klein & Hsui (1987), in which intracratonic basins form 
above anorogenic granites emplaced during supercontinent breakup (Chapter 1). In 
support of their model, Klein & Hsui (1987) and Klein (1995) cited the synchroneity of 
basin formation in all but the Hudson Bay Basin. A comparison of subsidence from the 
four North American intracratonic basins is given in Figure 9.1. 
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Figure 9.1 : Comparison of subsidence from each of the four major intracratonic basins of North America. 
The subsidence paths drawn follow the mid-points of the palaeobathymetry error bars. 
Figure 9.1 demonstrates that whilst subsidence in the Illinois, Michigan and 
Williston Basins began during the Cambrian, the style of subsidence differs. In the Illinois 
Basin, subsidence probably commenced within the Reelfoot Rift earlier than indicated by 
the plot here, as Early and Middle Cambrian strata remain untested by the drillbit. The 
Illinois and Michigan Basins show an initial similarity of form, but this is unsurprising 
since they formed along the same complex of Cambrian rifting (Chapters 5 and 6). 
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Subsidence in the Williston Basin is very different in style, being slow in the Cambrian 
and marked by an unconformity through the Early Ordovician. The Hudson Bay began 
subsiding in association with minor lithospheric extension in the Late Ordovician. There 
is therefore little to suggest any synchroneity of North American intracratonic basin 
formation. 
9.2 The issue of normal faulting 
This study concluded that lithospheric extension was responsible, at least in part, for 
the subsidence of the Illinois, Michigan and Hudson Bay Basins. Many previous workers 
have examined subsidence in a number of extensional settings and noted that the amount 
of extension modelled from subsidence, Es, is greater than that observed on normal 
faulting, Ef (e.g. Wooler, 1993; Trowell, 1995). However, Walsh et al. (1991) and Marrett 
& Allmendinger (1992) showed that the estimates of extension based on faulting observed 
on seismic data may be underestimates by up to 60% owing to extension on small faults 
(i.e. unobserved on seismic profiles due to resolution). In this study, the amount of 
extension on normal faults is markedly less than predicted from lithospheric extension 
(Table 9.1) . . 
Basin Transect Es Er Faults determined from: 
length 
Rome Trough 86km 11.5 ±3 km 3- 9 km Gravity modelling and isopach maps 
Illinois 320km 28.8 ±8 km 1.2 - 3.5 km Inferred from major folds 
Michigan 302km 17.1 ±4 km 2- 6 km Inferred from major folds 
Hudson Bay 169km 11.1 ±3 km 12.4 km Seismic profiles 
Table 9.1: Comparison of extension estimates based on subsidence (Es) and faulting (Er). 
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There is a general discrepancy between the two estimates. However, little seismic 
reflection data has been available, largely owing to technical difficulties (e.g. thick glacial 
drift in the Michigan and Williston Basins) or a historical tendency to rely on isopach 
mapping in oil exploration. As a result, the identification of normal faulting in this study 
has relied on less direct methods. For example, the assumption that major folds overlie 
earlier normal faults has been shown to be valid in the Illinois Basin, and, by analogy, 
inferred in the Michigan Basin. However, such a method underestimates considerably the 
amount of faulting present, as only a few basement faults might be expected to undergo 
reversal, leading to folds. This conclusion is drawn by analogy with other continental 
basins which have undergone a similar style of structural inversion (Chadwick, 1993; 
Butler, in press) . 
The short seismic profiles available from the Illinois Basin show that the surface 
geology does not reveal the amount of faulting at basement levels (Figures 5.16 and 5.17). 
Detailed seismic profiling across the Illinois Basin would, in all likelihood, reveal a 
considerably greater number of faults than are known at present, bringing Es and Ef into 
much closer agreement. In the Hudson Bay, where sufficient seismic data has been 
available, Es and Ef are similar. In summary, the classification of intracratonic basins as 
generally unfaulted is mistaken (e.g. Kingston et al., 1983). The uniform lithospheric 
extension model is the only mechanism proposed which satisfactorily explains the normal 
faulting observed. -
9.3 Why are intracratonic basins circular? 
One issue of particular controversy concerning intracratonic basins has been their 
oval to circular shape. This study has shown that the circularity issue is less important in 
understanding intracratonic basins than the actual mechanism of subsidence. The three 
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intracratonic basins studied in detail all have elliptical geometries for different reasons, 
but the origins of their shapes are easily explained and in all cases are different from that 
responsible for basin subsidence (Table 9.2). 
The Illinois Basin is saucer-shaped owing to peripheral uplifts that post-date the 
deposition of the stratigraphic fill of the basin (Chapter 5). The Michigan Basin took on a 
circular form much earlier in its history, approximately 20 Ma into the post-rift phase of 
subsidence following Cambrian extension (Chapter 6) . This circularity was again caused 
by peripheral uplifts. Minor, unexplained, basin-centred subsidence occurred later in the 
Michigan Basin. However, the explanation of this unresolved subsidence may be related 
to deposition on a pre-existing concentric sedimentary pile. It was shown in Chapter 7 that 
the Hudson Bay Basin was not an original circular feature and that the present-day 
geometry results from convective down welling of the mantle. 
Illinois 400km Middle/Late Cambrian ( 1) Rifting Permian (4) Late* peripheral uplift (4) 
Michigan 500km Late Cambrian ( I) Rifting/ Ordovician (l) EarlyA peri pheral uplift (1) 
Flexural til ting 
Hudson Bay 1200 km Late Ordovician ( 1) Rifting ?Cenozoic (1) Mantle downwell ing ([) 
-Williston 620km Late Cambrian ( 1) ? ?Cambrian (5) ? 
Paris 400km Permo-Triassic (2) Rifting Tertiary (2) Late* peripheral uplift (2) 
Baltic 740 km Yendian/E. Cambrian (3) Rifting post-Si lurian (3) Late* peripheral uplift (3) 
Table 9.2: Summary of mechanisms and timing of subsidence and the origin of elliptical geometries in six 
intracratonic basins, four of which are discussed in this study. T.A.C.S. = Time of Aquisition of Circular 
Shape. References: (1) This study; (2) Perrodon & Zabek, 1991; (3) Ulmishek, 1991; (4) Atherton, 1971; 
(5) LeFever et al., 1989. Notes: * = > 100 Ma after basin inception ; " = < 100 Ma after basin inception. 
A number of other circular basins occur globally (see discussion in Leighton & 
Kolata, 1991). These include the Parana (South America), Carpentaria (Australia) and the 
Chad (Africa) basins. The present study demonstrates the need to consider external 
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factors, such as peripheral uplifts and mantle involvement, when investigating circularity 
in other intracratonic basins. 
9.4 Suggestions for future work 
Models for the formation of the Hudson Bay Basin would benefit from a 
consideration of the Phanerozoic uplift history of the Canadian Shield. Detailed apatite 
fission track analysis building on the study of Crowley (1991) would provide information 
on the timing of removal of the stratigraphic cover from the shield and provide a 
constraint for establishing the timing of initiation of mantle convective downwelling. 
A large body of subsidence data has been compiled from the Williston Basin, but 
only a preliminary interpretation of the results has been carried out here (Chapter 8). A 
more thorough integration of the backstripped subsidence into the geological framework 
of the basin is therefore required, so that the issue of basin formation and circularity can 
be properly addressed. 
Epeirogenic uplift and subsidence of continental lithosphere is an essential 
constraint for models of mantle convection and one that is difficult to constrain, especially 
in the geological past. The stratigraphic fills of intracratonic basins provide a direct record 
of these vertical motions and indirect clues as to the vertical motions of exposed areas 
around them. With a good understanding of the mechanism of subsidence of these basins, 
it is possible to predict the total amount of subsidence that was (or should have been) 
achieved. Depth to basement may, however, differ from that predicted and the discrepancy 
should indicate the amount of post-depositional vertical motion of the craton. It would be 
useful, therefore, to integrate the large amount of subsidence data compiled in this study 
with regional maps of depth to basement in order to produce a 'vertical discrepancy' map. 
Such a study should also integrate information on topography and denudation, using 
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apatite fission-track analysis, vitrinite reflectance and some velocities. This multi-
disciplinary analysis would yield important information about continental epeirogeny. 
9.5 Main conclusions 
Detailed examination of errors reveals that backstripping, and hence the results of 
this dissertation, are only marginally affected by uncertainties in lithospheric thickness, 
dating, palaeobathymetry and compaction. Assumptions made, such as Airy isostasy, a 
100 km thick lithosphere and negligible missing overburden, all yield minimum estimates 
of tectonic subsidence and modelled stretching factors (Chapter 2). 
A study of the implications of subsidence for the geometry of the Ouachita cratonic 
margin was incorporated in Chapter 3 to set the scene for a study of the continental 
interior. This study agreed with the model of Thomas (1977) in which major transform 
faults offset the rifts formed during continental breakup. Stable areas of cratonic cover 
such as the Black Warrior Basin were also shown to be underlain by extensive normal 
faulting. ~ factors along the Ouachita margin range from 1.22 in the Oklahoma Aulacogen 
to around 1.06 in central Texas. Negligible stretching factors from west Texas confirmed 
that the Early Palaeozoic Tobosa Basin did not exist (Keller et al., 1989). The Rome 
Trough underlying the Appalachian Basin was also shown to have undergone extension 
during the Late Cambrian, with ~ factors > 1.16 modelled. Ordovician and Devonian 
subsidence events in the Appalachian Basin are related to the Taconian and Acadian 
Orogenies respectively. 
The principal conclusion of this study is that lithospheric extension is the most 
important mechanism in the formation of three of North America's intracratonic basins. 
There is also some evidence to support the notion that lithospheric extension was 
responsible for the early history of the Williston Basin. This conclusion was discounted 
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by previous reviewers (e.g. Quinlan, 1987; Bally, 1988), who cited the lack of evidence 
for extension, such as rift-related normal faulting and volcanism. However, it is argued 
here that there is, on close examination, sufficient normal faulting at the times of inferred 
rifting; Late Cambrian in the Illinois and Michigan Basins and Ordovician/Silurian in the 
Hudson Bay Basin. Furthermore, the amount of stretching is small (everywhere <1.3). 
The Illinois and the Michigan Basins both initiated in the Cambrian as a result of 
rifting. ~ factors of up to 1.2 and 1.13 are inferred for the Illinois and Michigan Basins 
respectively. Post-rift thermal subsidence starts at the base of the Ordovician. In the 
Illinois Basin, this thermal subsidence continues unabated until Mississippian time. 
However, in the Michigan Basin, the first of a series of deviations from the predicted 
exponential post-rift subsidence path occurs in the Late Ordovician. This linear period of 
rapid subsidence is followed by a second similar event in the Late Silurian and a third in 
the Late Devonian/Mississippian. The Ordovician and Devonian/Mississippian 
subsidence episodes are related to the Taconian and Acadian Orogenies. Only the period 
of increased subsidence in the Late Silurian is difficult to account for. 
The Hudson Bay Basin formed by minor lithospheric extension rn the Late 
Ordovician and Silurian. ~ factors <1.1 were obtained. A second subsidence event in the 
Hudson Bay Basin is concurrent with Acadian subsidence in the Michigan Basin and is 
believed to be related to this orogeny. The Hudson Bay Basin was not a circular feature 
during the Palaeozoic: The shape of the present-day structural depression results from 
convective downwelling of the asthenospheric mantle beneath the Hudson Platform. 
The circular nature of intracratonic basins has been shown to be of little 
consequence to basin development, and is related in all cases to external events that post-
date most basin subsidence. Concentric subsidence was recognised only in the Michigan 
Basin, but only accounts for up to 25% of tectonic subsidence. 
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Data Appendices 
The following pages list the stratigraphic data used in subsidence analyses, as follows: 
Data Appendix 1: 
Data Appendix 2: 
Data Appendix 3: 
Stratigraphic tops, ages, lithologies and 
palaeobathymetries 
Stratigraphic sections locations 
Duration and amount of stretching during rift episodes 
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l ! 2 J l .  
D ~ p d 1  
m \ f  S h a k  
I  I  
1 3 4 . 0  5 0  
3 5 1 . 0  5 0  
5 5 7 . 0  
6 1 7 . 0  
6 8 2 . 0  J O  
6 8 3 . 0  
7 6 5 . 0  
9 4 2 . 0  
l . 1 1 ! . 1 1  
J O  
1 0  
2 0  
l . ! 1 ~ 1 (  
J O  
J O  
0  
L m s t  
1 0  
I O  
1 ! !  
0  
l . 1 1 1 . 1 t  
5 0  
5 0  
6 0  
6 0  
1 5  
L m s t  
5 0  
6 0  
6 0  
2 0  
0  
L n ~  
I  
5 0  
5 0  
6 0  
6 0  
1 5  
1 0  
1 0  
2 0  
0  
L n l . 1 1  
I  
5 0  
5 0  
6 0  
6 0  
1 5  
2 0  
6  
L m •  
I  
5 0  
5 0  
6 0  
6 0  
1 5  
1 0  
1 0  
C . l l l k  
0 1 l k  
I  
Q 1 l k  
I  
C h ! k  
I  
C h i l e .  
I  
C h l k  
I  
0 1 l k  
C h l k  
I  
D I •  
s o  
8 0  
2 0  
3 6 2  
D i n  
8 0  
8 0  
2 0  
3 6 2  
D i n  
8 0  
8 0  
2 0  
D i s >  
4 0  
4 0  
4 0  
2 0  
4 0 8  
D I ~  
4 0  
4 0  
D i n  
4 0  
4 0  
4 0  
8 0  
8 0  
2 0  
D i n  
4 0  
4 0  
4 0  
D i n  
4 0  
4 0  
4 0  
s o  
8 0  
2 0  
S s t  
I  
J O  
1 0  
7 5  
6 0  
s  . .  
I  
1 0  
1 0  
7 5  
- " '  
, .  
I  
1 0  
I O  
7 5  
- " '  
S s  
I  
7 5  
6 0  
j . Q 9 _  
' "  
7 5  
6 0  
S s  
3 5  
I O  
1 0  
7 5  
6 0  
i l l !  
S s  
I  
3 5  
7 5  
6 0  
l C l f r  
S s >  
I  
3 5  
1 0  
I O  
7 5  
D s l t  
B . , 1 1  
D5 l l  
B s l !  
A n h y d  
I  
A n h y d  
I  
A n h y d  
I  
A n h y < l  
'  
A 1 1 h y d  
A n h y d  
I  
A 1 ~ 1 y d  
I  
A n h ) · d  
I  
S a l l  P W D r n  P W D ; > 1  S ~ a  
j Q  
I  
2 0  
5 0  
5 0  
5 0  
5 0  
! i l l  
· · 0 a . " 1 . s d 1 a n d K d c h . 1 9 8 . J " '  
S a l l  P W D m  P W D ~ f  
I  
2 0  
5 0  
5 0  
5 0  
" B a s s e u a n d K c i t h . 1 9 8 4 " '  
S a l t  1 1 W D m  P W D M  S . : a  
m  
I  
1 0  
1 0  
1 0  
j Q  
m  
I  
1 0 0  
1 0 0  
1 0 0  
i l l !  
" D ' 1 5 . ' i d l a n < l K e i t h .  J 9 8 . J ' "  
S a l l  P W D m  l ' W D M  S e a  
I  
1 0  ~ 
I O  ~ 
I O  ~ 
I O  ~ 
1 0  
1 0  
1 0  
Q  
1 0 0  
2 0  
1 0 0  
I I J O  
1 . Q 9 .  
" B a ~ e u a n < l K e i t h . 19 8 4 "  
S a l l  l ' W D r n  P W D M  S e a  
m  m  
I  I  
1 0  ! 0 0  
J O  1 0 0  
J O  ] 0 0  
J O  2 0  
1 0  1 0 0  
1 0  1 0 0  
" D a s s e 1 t a n d K e i 1 h ,  1 9 8 4 "  
S a l !  P W D m  P W D M  
I  I  
0  5 0  
0  5 0  
0  5 0  
0  5 0  
0  5 0  
w  
5 0  
5 0  
5 0  
5 0  
. Q 9 _  
" ' [ ) a s s ~ u a n d K e i l l , .  1 9 8 4 "  
S a ! \  P W D m  P W D M  S e a  
0  
0  
0  
j Q  
m  
I  
5 0  
5 0  
5 0  
5 0  
5 0  
2 0  
5 0  
5 0  
. Q 9 _  
' " B a s s . : u a n d K e i t i l ,  1 9 8 4 "  
S a l t  P W D m  P W D M  S e a  
I  I  
1 0  5 0  
1 0  5 0  
1 0  5 0  
! O  5 0  
1 0  5 0  
l O  S O  
1 0  5 0  
1 0  5 0  
5 1 7 . 0  
b Q  
i n _ 3 3  
A g ,  
M a  
I  
4 0 8 . 5  
. J 3 9 . 0  
. J 4 7 . I  
4 6 2 . 3  
4 6 8 . 6  
4 8 3 . 0  
5 1 0 . 0  
5 1 7 . 0  
i n _ 3 4  
A g e  
M a  
I  
4 0 8 . 5  
- 1 3 9 . 0  
4 - 1 7 . 1  
4 6 2 . 3  
4 6 8 . 6  
4 8 3 . 0  
5 1 0 . 0  
5 1 7 . 0  
. 5 1 . U !  
i n _ 3 5  
A g e  
M ,  
I  
. J O S . 5  
4 3 9 . 0  
4 4 7 . 1  
4 6 2 . 3  
. J 6 8 . 6  
4 8 3 . 0  
5 1 0 . 0  
5 1 7 . 0  
= 1 1 &  
i n _ 3 6  
A g e  
M a  
I  
4 3 9 . 0  
- 1 4 7 . 1  
4 6 2 . 3  
. J 6 8 . 6  
4 8 3 . 0  
5 1 0 . 0  
5 1 5 . 0  
'  
i n _ 3 7  
A g e  
M a  
I  
i n _ 3 8  
A g e  
M ,  
I  
4 3 9 . 0  
4 4 7 . 1  
4 6 2 . 3  
4 6 8 . 6  
4 8 3 . 0  
5 1 0 . 0  
5 1 5 . 0  
l l i , Q  
i o _ 3 9  
A s ,  
M ,  
I  
4 9 3 . 0  
5 0 5 . 0  
5 1 0 . 0  
~ 
i n _ . J O  
A g ,  
M a  
I  
. J O S . 5  
4 3 9 . 0  
4 4 7 . 1  
1 0 9 1 . 0  2 0  
. § . &  
J ) c p 1 h  
m \ f  S h a l e  
I  I  
1 3 4 . 0  5 0  
2 7 2 . 0  5 0  
3 4 5 . 0  
4 2 ! . 0  
4 5 6 . 0  1 0  
4 5 7 . 0  J O O  
6 6 4 . 0  5  
8 . J 2 . 0  2 0  
f i l . . Q  
D . , p t h  
r n \ f  S h a \ ~  
I  I  
7 8 . 0  5 0  
2 2 7 . 0  5 0  
2 9 2 . 0  
3 5 8 . 0  
3 9 8 . 0  1 0  
3 9 9 . 0  1 0 0  
5 9 7 . 0  5  
7 7 3 . 0  2 0  
1 2 2 . , Q  
D , : p t h  
n i l (  S h a l e  
I  I  
7 6 . 0  5 0  
2 1 2 . 0  5 0  
2 8 3 . 0  
3 5 ] . 0  
- 1 0 9 . 0  1 0  
4 1 0 . 0  J O O  
5 8 8 . 0  S  
7 5 8 . 0  2 0  
. & Q  
D t p t h  
m \ l  S h a l ~  
I  
1 8 4 . 0  5 0  
2 9 2 . 0  
3 5 1 . 0  
- 1 2 2 . 0  J O  
4 2 3 . 0  J O O  
6 8 7 . 0  5  
8 6 7 . 0  2 0  
' 6 0 . 0  
D e p 1 h  
m \ l  S h a l e  
4 1 0 . 0  
4 5 - 1 . 0  
I R p t 1 1  
I  
m \ f  S h a l e  
I  I  
7 2 . 0  5 0  
3 2 8 . 0  
3 6 4 . 0  
4 8 8 . 0  1 0  
. J 8 9 . 0  ! 0 0  
8 2 1 . 0  5  
9 9 5 . 0  2 0  
Q  
l x p l h  
r n \ l  S h a l e  
I  I  
4 8 8 . 0  
5 7 6 . 0  
8 0 5 . 0  5  
l l i , Q _ _ _ _ ] Q  
D e p t h  
m \ l  S h a k  
I  I  
4 1 5 . 0  5 0  
6 5 8 . 0  5 0  
8 6 7 . 0  
2 0  
5 0  
5 0  
6 0  
6 0  
1 5  
0  
L r m t  
I  
5 0  
5 0  
6 0  
6 0  
0  
L n ~  
'  
5 0  
5 0  
6 0  
6 0  
1 5  
2 0  
0  
L 1 1 ' ! - s r  
I  
5 0  
6 0  
6 0  
1 5  
L m s t  
I O  
1 0  
0  
L n l . 1 1  
I  
5 0  
6 0  
6 0  
1 5  
0  
L n i . S t  
1 0  
1 0  
0  
L m . 1 1  
I  
5 0  
5 0  
6 0  
C h l k  
I  
C h i l e .  
C h l k .  
I  
C h l k  
I  
C h l k  
I  
C h l k  
C h ! k  
I  
C h l k  
3 6 2  
D i n  
2 0  
3 6 2  
D i s  
' °  
4 0  
4 0  
2 0  
3 6 2  
D b . t  
4 0  
4 0  
4 0  
4 0 S  
D I •  
4 0  
4 0  
4 0  
2 0  
4 8 3  
D i n  
8 0  
8 0  
2 0  
4 0 8  
D i s >  
4 0  
4 0  
4 0  
2 0  
4 8 3  
D i s  
I  
s o  
8 0  
2 0  
) 6 2  
D i s  
4 0  
6 0  
l C l f r  
S s >  
I  
J ;  
7 5  
6 0  
i l l !  
' "  
I  
l 5  
7 5  
6 0  
i l l !  
S . s r  
I  
l 5  
7 5  
6 0  
. Q 9 _  
, .  
I  
3 5  
7 5  
6 0  
. Q 9 _  
S s >  
I  
1 0  
1 0  
7 5  
6 0  
. Q 9 _  
, .  
I  
3 5  
7 5  
6 0  
S s  
1 0  
J O  
7 5  
' "  
I  
B 5 1 t  
0 5 1 1  
B s l l  
B s l l  
B s l l  
B , l t  
B 5 l t  
A n h y d  
I  
A n h y d  
I  
A 1 1 . h y d  
I  
A n h y d  
I  
A n l , y d  
I  
A n h y d  
'  
A n h y d  
'  
A n h y t l  
I  
1 0  
1 Q  
5 0  
" '  
' " B a s s c ! l  a n < l K ~ i t h ,  1 9 8 . J "  
S a l l  P W D m  P W D M  S e a  
I  
1 0  5 0  
1 0  5 0  
1 0  5 0  
1 0  5 0  
1 0  5 0  
1 0  2 0  
J O  5 0  
J O  5 0  
Q ! !  
. .  D a s . s e l l a n d K e i l h . 1 9 8 4 t t  
S a l l  P W D m  P W D M  S e a  
m  m  
I  I  
1 0  5 0  
J O  5 0  
1 0  5 0  
1 0  5 0  
1 0  s o  
J O  2 0  
1 0  5 0  
1 0  5 0  
1 ! !  
' " B a s . s d l  a n d  K ~ i l h ,  1 9 8 4 "  
S a l l  P W D r n  l ' W D ~ 1  s ~ a  
m  
I  
J O  5 0  
1 0  5 0  
1 0  5 0  
1 0  5 0  
1 0  5 0  
1 0  2 0  
J O  5 0  
1 0  5 0  
' " B a s s e u n n d K e i l l 1 . 1 9 S . J ' "  
S a l l  P W D m  P W D ; \ I  s ~ n  
I  I  
J O  S O  
J O  5 0  
J O  5 0  
I O  5 0  
1 0  2 0  
1 0  5 0  
J O  5 0  
. Q 9 _  
" D a s . s e ! l a n d K c i l h ,  1 9 8 4 ' "  
S a l l  P W D m  P W D ~ t  S e a  
I  
1 0  
1 0  
1 0  
1 0  
1 ! !  
5 0  
5 0  
5 0  
5 0  
. Q 9 _  
· 0 ~ s s c t 1  a n d  K e i t h .  1 9 8 4 ' "  
S a l t  P W D m  P W D M  
m  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 0  
1 ! !  
I  
5 0  
5 0  
5 0  
5 0  
2 0  
5 0  
5 0  
. Q 9 _  
" B a s s c u n n d K c i t h . 1 9 8 4 " "  
S a l l  P W D m  1 1 W D M  S e a  
m  
I  I  
1 0  5 0  
J O  5 0  
J O  5 0  
" '  
· · n a s s c u a n d K d t h ,  1 9 8 4 "  
S a l l  P W D m  P W D M  S e a  
m  
I  
1 0  5 0  
1 0  5 0  
1 0  5 0  
-162.3 9-1 2.0 60 
-168.6 1020.0 10 15 
-193.0 1021.0 10 
505.0 1®7.0 
510.0 1266.0 5 
515.0 1390.0 20 20 
filJL..J:!2!1.! 
in_-11 
,o 
,o 
80 
80 
20 
/\i;" D~plh Ln111 Dl~1 
35 
10 
10 
15 
60 
ill 
~b ,n'f Sh:ik 0 1lk Sst 
l I I l l I 
-162.J 210.0 60 -10 
468.6 369.0 10 15 -1 0 35 
-183.0 370.0 100 
-193.0 -19-1.0 10 80 10 
505.0 597.0 10 80 10 
5 11.0 955.0 20 75 
515.0 11 09.0 10 20 60 
~22.0 12110 100 
ln_-12 o 362 
Age D,,,pth Ln11l DJ.,i 
I-fa nl'( Sh:il<' C.11! k S51 
I I I I I l 
-100.5 -1-1 5.0 50 50 
-1 39.0 57).0 20 l O 70 
-147.l 668.0 80 20 
-462.3 719.0 60 -10 
-4 68.6 U9.0 10 15 40 35 
-483.0 860.0 100 
-193.0 1010.0 10 80 JO 
SOS.a J097.0 10 80 10 
510.0 IJ98.0 5 20 75 
5 15.0 1660.0 20 20 60 
11i 
in_-1 3 
Ag..: lxp1h Lnl!it 
.08 
DI• 
Bslt 
Bsli 
.'\tdl)'<i 
I 
/\1d1yd 
I 
M;i nl'l Shak Chlk SSI Anh yd 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
1Q_______1QQ_ 
··naMC~tl and Kd1h. 198-1'' 
Sa ll PWDm PWD\I St;i 
I I 
0 so 
0 so 
20 
so 
so 
0 so 
0 50 
_Q______J.fil 
"Du.<eU ancl Kdlh. 198-1"" 
Sa l! PWDrn PWDM s~a 
I 
10 50 
JO 50 
10 50 
10 50 
10 50 
10 20 
10 50 
10 50 
JO 50 
10 50 
ill 
"Dass(1ta1111Kdth. l9S-I" 
Sall PWDm PWD\I 
I I I I I I I I I 
439.0 165.0 20 LO 70 LO 50 
-147.1 330.0 80 20 10 50 
-162.3 38-1.0 60 -rn 10 50 
468.6 -1 39.0 10 15 40 35 10 50 
483.0 -1-10.0 100 10 20 
493.0 -162.0 10 80 10 JO 50 
505.0 5-15.0 10 80 JO 10 50 
510.0 7-19.0 5 20 75 10 50 
515.0 913.0 20 20 60 10 50 
illJL.....lll:l O 00 
in_-1-1 o -1 39 
Ac<' D~pch Lmst 1)1.,t 
Ma rn\f Shak Chit Sst 
I I I I I 
-1-17. 1 255.0 80 20 
-4 62.3 273.0 60 -1 0 
-4 68.6 3\19.0 10 15 40 35 
-1 83.0 400.0 100 
-1 93.0 433.0 10 80 10 
505.0 507.0 10 80 10 
SIM 8~ 5 20 75 
515.0 976.0 20 20 60 
22.o lOPO 100 
in_-15 0 408 
Ag<' l)cplh LnlSI DlM 
~fa m'f Sh:r.le Chlk S!ol 
l I I I I I 
439.0 172.0 zo 10 70 
4-17.t 265.0 80 20 
462.] 325.0 60 40 
.i6S.6 .jQ I.O 10 15 .j0 35 
.in.o -102.0 100 
5J0.0 650.0 S 20 75 
515.0 837.0 20 20 60 
~ 
MICHIGAN DATA 
1. Identification 
2. Subsidence in feet or metres (l or 0) 
3. Age of top of section 
4. Reference (data source) 
m_07 0 336 
Age lxpch Lm.11 Dl.,t 
\b m'l Sh:i lc Oilk 551 
I I 1 I 
Bsll 
Bslt 
,\nhyd 
I 
Anhyd 
I 
Auhyd 
I 
"B:us.:U,.m!Kd11i. 19S-I" 
S:r.lt PWD111 PWD\! 
m 
I I 
10 50 
10 50 
10 50 
10 20 
10 50 
10 50 
10 50 
10 50 
"B:w~u :r.nd Kcil li , 1984" 
S:r.lt !'Wl)m PWDM s~:r. 
I 
10 50 
10 50 
10 50 
10 50 
10 20 
IO 50 
10 50 
ill 
""Mow~ll. 1993" 
S:r. ll PWDm PWDM Sea 
370 18 80 
380.8 72 20 
JS IA 92 60 
382.l 153 
383.-1 323 
38-1.7 3110 20 
386 .j6J 
4011.5 55-1 
.i22.s 1121 
427 11 62 
433 124 1 
.j )6 1259 100 
439 1269 
4-12.3 1384 20 
-1-4 7.1 14 63 100 
457.5 15.j2 
46 1 16 10 
463 1628 
-168.6 1737 
488 1768 
505 1827 
m_20 
Ag~ l).-p1t, 
Ma m\f Sha I( 
I I I 
370 528 80 
380.8 62J 20 
382.1 6-48 
384.7 7-4 2 20 
386 7-16 
-408.5 766 
422.5 1032 
427 1073 
-1 33 108 1 
436 1094 100 
-4 )9 1098 
-1-12.) 1202 20 
-147. 1 1279 100 
457.5 1377 
-46 1 1450 
-463 1.i SJ 
488 JS63 
505 163 1 
510 J70-I 
514.S 1855 50 
; 
rn_29 
Ag~ lkpth 
Ma m'( Sh:r. le 
I I I 
360.3 -169 50 
370 627 80 
380.8 820 20 
381.4 8.j l 60 
382.1 955 
383.4 11 98 
384.7 1262 20 
386 1<194 
408.5 16-18 
422.5 25 12 
427 2526 
433 2556 
436 2583 100 
439 2609 
442.3 2766 2() 
4-17.J 2855 100 
457.5 2988 
.j 6 1 3146 
463 3180 
468.6 )-132 
-188 3-456 
493 )9 11 
SOS 3978 
510 4081 
514.5 4203 50 
111_3 J 
Ace Ikp1h 
Ma m'{ Shale 
I I I 
362.5 88 50 
370 228 80 
380.8 268 20 
382.1 293 
383.4 305 
386 3 18 
.jQ8.5 318.5 100 
422.5 372 
427 .i63 
433 -168 
436 478 100 
439 .i 8s 
.j-12.3 552 20 
80 
'° ,.
60 
80 
80 
20 
so 
100 
100 
60 
100 
100 
so 
,o 
0 
Lnm 
80 
100 
80 
80 
20 
so 
100 
100 
60 
100 
100 
50 
so 
100 
0 
LnlSI 
I 
20 
80 
,o 
100 
60 
80 
80 
20 
so 
100 
100 
60 
100 
100 
50 
20 
80 
100 
0 
L111.11 
80 
100 
60 
80 
so 
100 
100 
Chlk 
I 
Chlk 
I 
Chlk 
100 
,o 
so 
20 
Dis 
100 
so 
,o 
20 
Dlst 
100 
so 
so 
80 
20 
Dlst 
100 
20 
so 
100 
336 
s, 
I 
20 
20 
so 
so 
336 
s. 
I 
30 
20 
20 
so 
100 
so 
"' 
"" I 
so 
20 
20 
Bsll 
Bslc 
80 
10 
Anhyd 
I 
80 
10 
AMyd 
I 
,o 
10 
Anhyd 
I 
10 100 
10 H 
10 W 
10 50 
-10 10 50 
10 50 
20 10 50 
10 50 
-10 10 so 
JO 50 
10 50 
JO 100 
10 50 
10 50 
10 50 
10 W 
LO ~ 
LO 50 
IO ~ 
10 ~ 
10 W 
' 
"lfo" 'Cll. 1993" 
Salt PWDrn PWD~1 Sea 
m m 
I I 
10 100 
10 50 
10 50 
10 50 
20 10 50 
10 50 
.io 10 50 
10 50 
10 50 
10 100 
JO 50 
10 50 
10 100 
10 50 
10 50 
10 50 
10 50 
10 50 
JO SO 
10 100 
"llowdl. J993" 
S;i lt PWDm PWD~1 5.:a 
,o 
20 
,o 
I 
JO 100 
10 JOO 
10 ~ 
10 W 
10 50 
10 50 
10 50 
10 H 
10 50 
JO 50 
10 ~ 
10 W 
IO ~ 
LO 50 
10 50 
IO ~ 
10 W 
JO 50 
10 50 
IO ~ 
10 ~ 
10 50 
10 50 
JO 50 
IO ~ 
Q 
"llowdl. 1993" 
Sa ll PWDm PWD~f 5.::r. 
m 
I I 
10 JOO 
JO 100 
IO 50 
JO 50 
-4 0 10 50 
20 JO 50 
JO 50 
40 10 50 
10 50 
10 50 
JO 100 
10 50 
JO so 
-147.J 615 100 
457.5 692 
461 735 
-1 63 737 
-488 753 
505 803 
5 10 876 
51-1.5 1026 50 
m_ 3Z 
As< 
Mo 
I 
355.9 
358.1 
370 
380.8 
382.l 
383.4 
386 
405 
408.5 
42Z.5 
m 
433 
'36 
439 
-142.3 
447.1 
457.5 
'" -1 63
m 
"' SOS 
SIO 
!}!_ 
"'""' m< 
I 
70 
2'6 
llS 
OQ<) 
"' 472 
49 1 
491.l 
"' 626 
m 
731 
741 
7-13 
834 
92) 
1013 
1085 
1088 
Sli:r.1.: 
I 
80 
80 
20 
100 
100 
20 
100 
1088.5 100 
11 22 
118-1 
1298 
514.5 1426 ,o 
1 
m_43 
/\gl! Depth 
~fa n1\f Sh.:r.k 
I I I 
355.9 84 
)62.5 I 18 ~O 
370 25 1 80 
380.8 293 20 
382. J 297 
383.4 340 
422.5 3119 
427 525 
433 529 
436 533 100 
-1 39 537 
442.3 60-' 20 
447.1 677 100 
457.5 75<1 
461 802 
463 803 
488 829 
505 879 
510 98 1 
514 .5 1129 50 
1l.-1l!l1. 
m_45 
Ag~ Depth 
Ma m'{ Sh:r.lc 
I I I 
386 884 
408.5 978 
422.5 1426 
427 1582 
433 1691 
436 1708 100 
439 172 1 
4-12.3 1856 20 
447.1 1919 100 
457.5 1979 
461 2034 
46) 20-l2 
468.6 22 19 
488 2399 
505 2494 
514.5 2627 50 
ill. 
m_46 
Ag, 
M:r. 
Depth 
m< 
I 
12S 
213 
s 1~11~ 
I I 
383.4 
386 
405 
408.5 
213.5 JOO 
26S 
422.5 432 
100 
100 
50 
80 
100 
80 
100 
60 
80 
20 
so 
100 
100 
60 
100 
100 
50 
80 
100 
0 
L,~ 
RO 
100 
60 
so 
100 
100 
60 
100 
100 
50 
RO 
100 
Lmi;1 
I 
80 
20 
so 
100 
100 
60 
100 
100 
50 
80 
0 
Lmst 
60 
80 
20 
so 
Chlk 
I 
a,1 1:: 
I 
0 111; 
I 
C1,.JI; 
I 
so 
so 
20 
1)1~ 
100 
so 
so 
20 
Dlo 
,o 
,o 
20 
Dis 
100 
so 
so 
20 
o1s 
50 
,0 
336 
Sst 
I 
100 
20 
20 
20 
so 
so 
336 
s, 
I 
tilo 
so 
20 
so 
,o 
336 
S>< 
I 
20 
so 
100 
so 
l82 
'" I 
Bsll 
Bsll 
ll sh 
Bslt 
A1~1yd 
I 
,o 
IO 
Aohyd 
I 
Aohyd 
I 
80 
10 
/\nl1~11 
I 
so 
10 
10 100 
10 50 
10 50 
10 50 
JO 50 
10 50 
JO 50 
10 100 
L..........100. 
· 11o"·d1.199r 
&311 PWDm PWDM Sc:r. 
m 111 
I I 
10 100 
10 100 
10 100 
10 50 
10 50 
40 LO 50 
20 10 50 
10 20 
LO 50 
40 10 50 
10 50 
10 50 
10 JOO 
10 50 
10 50 
10 JOO 
10 50 
10 50 
10 50 
JO 20 
JO 50 
JO 50 
10 50 
10 100 
"lfowdl. 1993" 
S3Jt PWDm PWDM Sta 
I 
10 100 
to 100 
IO ~ 
10 50 
JO 50 
40 10 50 
40 10 50 
10 W 
10 50 
10 100 
JO H 
JO 50 
IO ~ 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
10 100 
~llow.:11, 1993" 
S:r.lt PWDm PWDM Sea 
I 
20 10 50 
10 50 
40 10 50 
10 50 
10 50 
LO 100 
10 50 
10 H 
10 100 
10 ~ 
LO 50 
10 H 
IO ~ 
10 50 
10 50 
10 100 
"Howell , 1993" 
Salt PWOn1 PWD~l S"a 
I I 
<10 10 50 
20 10 50 
10 20 
JO 50 
-10 JO W 
E 000000000 
800000000800800000008_ ._8880000000008008000800008 ,_8880000000008008000000088 ._080008008 
0000000000000000000000 , 
---------- -- --- -- -- ---
=_00000000000000000000000000 
~= 00000000000000000000000 
800000000008008000800008_ 
~ 
~-_80000000800800080000088 
0000000000000000000000000 
---------- -------- -------
~i-_0000000000000000000000_ 
Q -
__ 0000000000000000000000000 
}_ 
~= 000000000000000000000000000000 
E 
~~=-000000000000000000000000000000 
~ -
~ ~ 
J~_s~~~~8~~§~~~~883i~~~~~~~~i8=~~ 
- ..... ,.,~_...., ""- ... """ ,.., _ ...., ~ " 
~l~_4,~~~,._JJJ""od~N7774,H~~J""""~o-i 
&: 000000000000000000000 .X.e 00000000 J: 0000000000000000000000000 
, 
~ 0 _8888880~0~~~~,~8~~8,oo~~ c 0080080008000088 
~ 
~-_000000~78008000800008 ~-_80008 000 
~~:_000000000000000000000 
;.,!S 
&~-_00000000 
;.,6 ' 
~~=-ooocococooooooococococcoo ~ oocooococcoooooc 
-------- --------
{_ 
~ - ~ -
~ ,_008000 
' 0 - 0 -
(j_ tL 
,.., _..., ~ ~ ~ _.,. .......... ~- ..... ~ ..... - _...., ~ 
............ JJt ...... 4 ................ £~ ~~~-dd~~,d~777ii~;:J;;~~~~ ~~£-~~~~ ~~~ ..... 
N ,..,~ _,., oc,- "Tr-- ...,...-, 
~Jf_0~~~dod~~~~~~ .... ,..,~~~~~-7"""' 
Ji E oo o o 
~ -
,... ,.., ~ _...., 
~ I <'::0: _ i ~ ~ ~ 
:; -
~ -
I,, 
rn_ l 28 
Age !Xptl1 
Ma rn'l Shale 
I I I 
355.9 59 
358. 1 160 so 
362.5 221 50 
370 272 80 
380.8 328 20 
382.1 422 
383.4 605 
386 70..\ 
405 10..\.5 100 
408.5 779 
-122.5 1330 
-127 1367 
-133 1378 
-136 1399 lOO 
-139 141 7 
4-1 2.3 1596 20 
-1 -1 7.1 1612 100 
-151.5 l1S1 
-IGI 1892 
-163 1899 
-183 1899.5 100 
-188 2004 
505 2059 
S lO 2098 
51.i.5 2119 50 
217.Q. 
m_l32 
AJ1.C Dq1th 
~fa m'l Shale 
I I I 
436 1086 100 
439 1109 
4-12.3 1206 20 
447.l 1286 100 
4S1.5 1427 
46 1 1563 
463 1686 
483 1686.5 100 
-188 1829 
505 1890 
5 1! 19-18 
51-U 2065 SO 
,ill________llM 
m_ l39 
Age lkplh 
Ma m1f Shale 
I I I 
408.5 1015 
.i22.5 1-1-18 
.in 14ss 
-133 1545 
-136 1554 100 
439 156-1 
442.3 1635 20 
447. 1 16S6 100 
457.5 1736 
46 1 1772 
463 1776 
468.6 1972 
.iss 2002 
S IO 2Q6.I 
5 14.5 2131 so 
; 
m_lS2 
Age l>cpih 
Ma m'l Shal~ 
I I I 
408.S 1932 
422.5 2682 
H7 2797 
436 2827 100 
439 2s.io 
-142.3 2977 20 
-147.1 3050 100 
457.5 3123 
-161 3200 
-'63 3239 
-168.6 3574 
488 36 11 
-193 -1061 
505 -1 107 
510 4200 
S l-1.S -1 347 SO 
!11_179 
A ge D.:p1h 
Ma m1f Shale 
I I 
Lm~1 
" ..
60 
80 
20 
,0 
100 
100 
60 
100 
101 
50 
80 
100 
0 
LuiM 
100 
100 
so 
80 
100 
0 
Lm.s1 
20 
so 
100 
100 
60 
100 
100 
,0 
100 
0 
Lmst 
I 
20 
so 
100 
60 
100 
100 
so 
20 
80 
100 
0 
LmSI 
01lk 
I 
Chlk 
I 
O, lk 
I 
Ollk 
Clilk 
Dbt 
100 
lO 
50 
10 
Dlst 
so 
50 
20 
DI~ 
so 
,0 
DO. 
,o 
50 
80 
20 
3.19 
s. 
I 
10 
20 
50 
20 
20 
lO 
50 
m 
s. 
I 
20 
,. 
,0 
JJ6 
s~1 
I 
20 
,o 
100 
so 
J)l1 
Jl6 
s. 
20 
50 
100 
50 
)l6 
,. 
I 
Dslt 
Dslt 
Bslt 
Bst1 
Anl1)'tl 
I 
80 
IO 
Anhyd 
I 
Anhy,l 
I 
80 
10 
Anhyd 
I 
80 
IO 
Auhyd 
I 
"Jlowdl.19')3-
Sal! PWOm PWDM 
"' I I 
10 100 
10 100 
10 100 
10 100 
10 so 
lO 50 
-10 10 so 
20 10 50 
JO 20 
10 50 
.io rn 50 
JO 50 
10 50 
JO 100 
JO 50 
JO 50 
10 100 
10 ' so 
10 50 
JO 50 
JO 20 
10 SO 
10 so 
10 SO 
10 JOO 
Jl9. 
"llow.:11.1993" 
Salt l'WOm PW0:\1 Sea 
m m 
I I 
JO 100 
10 50 
10 so 
JO lOO 
10 50 
10 so 
10 50 
JO 20 
10 so 
10 50 
!O 50 
10 100 
- 11owcll, 1993" 
Salt PWDm J>WDM Sea 
m m 
40 
I I 
JO SO 
JO SO 
10 SO 
10 50 
JO 100 
10 50 
10 50 
10 JOO 
10 so 
10 50 
10 50 
lO JOO 
10 50 
10 so 
10 100 
Q 
"Jlowdl.1993" 
Sall PWOm PWDM Sea 
I 
JO 50 
-10 JO so 
JO 50 
10 100 
JO so 
10 50 
IO 100 
\0 50 
JO 50 
10 so 
10 100 
10 so 
10 50 
10 so 
10 50 
10 100 
_Q________J_@_ 
'l-lowell , 1993" 
Salt PWDm PWDM Se:i 
m m 
I I 
3-12.5 162 -10 
349.3 187 30 
355.9 23.i 
358. 1 .i16 80 
360.3 418 50 
370 638 80 
389.8 790 20 
381 .4 807 60 
382. 1 859 
383..i 1022 
384.7 1052 20 
386 1067 
.ios.s 111 1 
.-122.5 1583 
427 1618 
433 1668 
-1 36 1678 JOO 
-1 39 1686 
-1-12.3 1792 20 
4.i7. l Jij-12 JOO 
451.5 1911 
461 1959 
.j6) 1978 
468.6 2124 
-188 2251 
505 2313 
510 2367 
.; 
m_ l 81 
Age Dep1h 
Ma m'( Shale 
I I I 
349.3 366 30 
355.9 -116 
358.1 638 80 
360.3 6-19 50 
370 846 80 
380.8 1002 20 
381.4 102 1 60 
382.1 108-1 
386 1367 
408.5 1428 
422.5 1962 
-127 1985 
433 20-l2 
436 2058 JOO 
-1 39 2077 
.j42.3 216 1 20 
447. J 2237 100 
457.5 231-1 
461 2377 
463 2-113 
468.6 2593 
-1 88 2612 
.j9J 2759 
505 2828 
5 10 2882 
514 .5 2992 so 
n2 3109 
n,_ 184 
Age 0..'t'lh 
Ma m1f Shale 
I I I 
422.5 1116 
-'27 1154 
433 1195 
-136 1201 100 
439 12 10 
442.3 1284 20 
447.1 1326 100 
-157.5 1386 
461 14 20 
-163 1434 
468.6 1544 
483 154-1.5 100 
488 15-18 
493 1596 
505 1657 
510 1693 
5 14.S 177-1 50 
m_ l99 
Age Depth 
Ma 111\f Shale 
I I I 
-122.5 2376 
447. 1 270..\ 100 
.i57.5 2769 
461 2837 
.j63 2869 
.i68.6 31-16 
-188 338-1 
505 3'UJ 
5 10 3525 
so 
20 
80 
" 100 
60 
80 
80 
20 
lO 
100 
100 
60 
100 
100 
so 
80 
100 
0 
Lnm 
20 
80 
40 
.  
80 
20 
so 
100 
100 
60 
100 
100 
so 
20 
so 
100 
0 
Lmst 
I 
50 
100 
100 
60 
100 
100 
,0 
80 
100 
0 
L,~ 
I 
50 
100 
100 
,. 
80 
100 
0 Llk 
I 
Chlk 
I 
Chlk 
I 
100 
so 
,. 
20 
Dlst 
100 
so 
80 
20 
Dlst 
100 
,o 
50 
80 
20 
DI• 
50 
so 
20 
'° 100 
20 
JO 
20 
20 
'" 11)0 
J36 
Sst 
I 
40 
100 
20 
JO 
20 
20 
,. 
100 
50 
100 
408 
S• 
I 
20 
50 
100 
10 
so 
JlO 
))6 
5• 
I 
50 
100 
a~11 
B5lt 
Bslt 
10 
JO 
80 
IO 
Anl1y,.I 
I 
JO 
.. 
10 
Auh)·d 
I 
IO 
Anhyd 
I 
10 
'° 
20 
" 
10 100 
10 100 
10 100 
10 100 
JO 100 
10 100 
JO 50 
10 50 
10 so 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
lO 100 
10 ~ 
10 50 
10 100 
10 ~ 
10 so 
10 50 
IO ~ 
10 ~ 
lO 50 
10 50 
~ 
"How~ll.1993" 
Sall PWDm PW0).1 Sea 
I 
10 100 
10 100 
10 100 
lO 100 
10 100 
10 50 
10 50 
10 50 
20 IO 50 
10 so 
-10 10 50 
10 50 
10 50 
10 JOO 
10 so 
10 so 
10 100 
10 50 
10 50 
10 so 
10 JOO 
10 50 
JO 50 
10 so 
10 50 
10 100 
10 JOO 
"J-lowdl, 199J-
Sa1t PWD111 PWD~ 
I I 
40 10 so 
JO 50 
10 ~ 
10 100 
10 50 
10 50 
10 100 
10 50 
10 so 
10 so 
10 JOO 
10 20 
10 50 
10 so 
50 
10 50 
IO ~ 
Q 
- nowdl.1993" 
Sall PWDm PW[)).! S.:a 
"' I 
40 10 SO 
10 100 
10 50 
10 50 
10 so 
10 100 
10 SO 
10 50 
JO 50 
.li§.1 
m_200 
Ai;.: [}q,lh 
Ma m'l Sh~k 
I I I 
461 2841 
-163 287.i 
.i68.6 315 1 
488 3173 
.i93 3389 
505 3-156 
5 10 3530 
51-1.5 3653 50 
l 
m_215 
Age Depth 
Ma m1f Shak 
I I I 
-122.5 13.i.i 
447.1 1564 100 
457.5 165 1 
461 1707 
463 1715 
-168.6 1777 
488 1890 
505 !959 
S lO 1997 
514.5 2136 50 
m_216 
Age D.:pth 
Ma m1f Shale 
I I I 
461 11 89 
.j63 1193 
.iss 1283 
505 1356 
5 10 1.i11 
5 14.5 1542 50 
.ill. 
m_2!9 
Age 0..-pth 
Ma m\l Shale 
I I 
355.9 46 
358.1 208 80 
370 420 80 
380.8 531 20 
38 1.4 533 60 
382.1 563 
383.-1 6.j8 
384.7 662 20 
386 663 
408.5 703 
422.5 887 
427 9 1-1 
433 923 
436 927 100 
439 939 
4-12.3 1005 20 
447.1 1062 100 
-'51.S 1146 
461 1192 
463 1198 
488 1285 
505 1362 
5!0 1417 
514.S 1548 50 
:1L-.l12.! 
m_22 J 
Ag~ D.:ph 
~fa mV Sh:il.: 
I I I 
380.8 56 20 
382.1 122 
383.4 229 
38-1.7 20 
386 363 
408.5 -147 
-1 22.5 830 
-127 1014 
433 1092 
436 1108 100 
-1 39 11 19 
442.3 1241 20 
4.i7. l 1297 100 
457.5 1356 
-'61 1-112 
-163 1429 
-1 68.6 1548 
0 
Lm.st 
I 
100 
so 
20 
80 
100 
0 
Ltml 
I 
so 
100 
100 
so 
80 
100 
0 
1.nl'il 
100 
50 
80 
100 
0 
Lnisi 
80 
" 100 
60 
80 
80 
20 
50 
100 
100 
60 
100 
100 
so 
80 
100 
0 
La~ 
80 
100 
60 
80 
80 
20 
so 
100 
100 
100 
100 
Chlk 
I 
Chlk 
I 
Chlk 
I 
O,lk 
I 
Chlk 
I 
DO. 
so 
,o 
80 
20 
DI• 
,o 
20 
,o 
so 
20 
oi. 
50 
50 
20 
DO. 
so 
ll6 
Sst 
I 
,0 
100 
,o 
Jl9. 
))6 
s. 
I 
" 100 
,o 
Jl6 
s.,i 
·, 
50 
s. 
I 
100 
20 
20 
20 
lO 
,o 
!!l!!. 
))6 
S• 
I 
so 
100 
D•ll 
D5lt 
Anhyrl 
I 
Anl1yd 
I 
10 
A nhyd 
I 
Anhyd 
I 
80 
10 
A,hyd 
I 
80 
10 
- uo,.,..: ll. 1993" 
Salt PWDt11 PWDM ~a 
"' I 
10 .'iO 
10 50 
10 100 
10 50 
JO .'iO 
JO 50 
10 50 
JO 100 
J)l1 
"How.:Jl, 1993-
Sah PWDn1 PWDM s~a 
I 
40 10 50 
JO JOO 
10 50 
JO 50 
JO 50 
10 100 
10 50 
IO 
IO 
10 100 
J)l1 
"llowcll, 1993" 
S.~h PWDm PWD~l &3 
10 
10 
10 
10 
10 
IO 
Q 
"' I 
,. 
,o 
so 
,o 
50 
100 
J)l1 
"HO\l.'C ll. 1993" 
Sall PWDm PWDM s~a 
m rn 
20 
I I 
10 100 
JO 100 
10 100 
10 50 
JO 50 
10 50 
10 so 
10 so 
10 so 
JO so 
10 so 
10 50 
10 so 
10 100 
JO 50 
10 50 
10 100 
10 50 
10 50 
10 so 
JO 50 
10 50 
10 50 
10 100 
J)l1 
"Howell, 1993" 
Sall PWDm PWD~1 ~:i 
" 
10 
10 
10 
10 
10 
10 
IO 
10 
IO 
10 
10 
10 
IO 
10 
IO 
10 
10 
I 
• 
• 50 
so 
50 
so 
H 
50 
• 100 
• 50 
~ 
50 
50 
,0 
~ 
lj 7J 50 50 IO 50 0 360.3 " 
50 20 
5m 1628 80 20 10 
,0 0 362.5 
" 
,0 
510 1678 100 10 
,o 0 370 
" 
80 
380.8 
"' 
20 80 
38 1.4 16] 60 40 
m_n2 0 ]]6 "Jlo-..·-,U. 1993"" 
3112.1 192 100 
Ag~ lxpth J.mst 1)]51 Bslt Sall PWDm 
PWD~I s~a 383.4 270 60 
M, m< Shak (.lllk s. A11hyd 
384.7 299 20 80 
I I I I I '"' 
]29 80 
]70 
' 
80 20 IO 100 0 
408.5 ]61 20 
3110.8 IOI 20 80 IO 50 0 
422.5 639 50 
38 1.4 121 611 40 IO 50 
0 427 681 100 
)82.1 
"' 
100 IO 
" 
0 · 43) 692 100 
383.4 187 60 40 10 50 
0 436 716 100 
384.7 
"' 
lO so to 50 0 
439 
"' ]86 '27 80 20 IO 50 0 
~2.3 
"' 
20 60 
408.5 
"' 
20 80 to 50 0 
447.1 9]0 100 
422.5 1073 50 lO 40 IO 50 0 
4S7.5 
""' 
100 
m 1125 100 iO 50 
0 
"' 
1200 100 
m 1227 100 IO 50 0
 
"' 
1206 80 
"' 
1246 100 iO , 100 0 
'iJ45 1261 SQ 
.,, 1254 100 lO 50 0 
442.3 1370 lO 60 20 iO 
,o 0 11 )_239 0 
447.1 1441 100 iO 100 0 
Ag, IXpth Lmst 
4j7.5 1515 100 lO 50 0 
M, m\f" Sil.lie 
461 1587 100 iO 50 0
 
' 
I I 
463 1604 50 50 iO 50 0
 362.5 37 50 
468.6 1716 100 lO 100 
0 370 IOJ 80 
"' 
1747 50 50 to 50 0 
380.8 150 20 80 
'" 
1807 80 20 iO 50 0 
381.4 208 60 40 
510 11182 100 iO 50 
0 382.1 m 100 
514.5 1895 50 50 iO 100 0
 383.4 
"' 
60 
0 3S4.7 ]]8 80 
]86 376 80 
m_2JO 0 336 "11owc ll . 19'9J" 
4011.5 4 ]1 20 
Ai;e Dq,<h L= DI< BsJ1 Sah PWDm P
WD.\.f Sea 422.5 762 50 
~13 m< Shak Otlk s. A1d1yd 
427 799 100 
' ' 
I I I I I 
4]] 808 100 
355.9 1]8 100 iO 100 
0 436 
'" 
100 
358. [ 18S 80 20 iO 100 0 
4 39 860 
360.3 227 50 lO JO lO 100
 0 442.3 945 20 60 
370 J78 so 20 lO 100 0
 447. 1 1043 100 
380.S 
"' 
20 so lO 50 0 
457.5 1183 100 
38 1.4 
'" 
60 40 lO 50 0 
461 1310 100 
382. 1 628 100 lO 50 0
 510 1315 100 
383.4 
"' 
60 40 lO 50 0 514.s IJZi: 
,, 
384.7 821 lO 80 iO 50 
0 
l86 91] so 20 iO 50 
0 m_240 0 
408.5 1015 20 80 iO 50 
0 Age l.kpth Lm\1 
4 22.5 !638 50 lO 40 to 50 
0 Mo m\f" Shal,, 
427 1660 100 iO 50 
0 I I I 
m 1673 100 IO 5
0 0 447. 1 1'90 100 
436 1704 100 IO 
100 0 457.5 1632 100 
439 1728 100 IO 50 
0 46 1 1783 100 
442.3 1843 lO 60 20 IO 50 
0 488 1807 50 
447.l 1942 100 IO 100 
0 
'" 
1839 80 
457.5 209 ! 100 IO 
50 0 
''° 
186 1 100 
"' 
2226 100 IO 50 
0 ~
463 2249 50 50 IO 50 
0 
46&.6 2302 100 IO 100 
0 m_24 1 0 
488 2'96 50 50 IO 5
0 0 Ag, 
'""" 
L>M 
'" 
2552 80 20 IO 50 0
 M, m\f Sh~le 
510 2591 100 IO 
50 0 I I ' ]86 430 80 
408.5 
"' 
20 
m_23! 0 ]]6 "l-lo w<'ll.1993" 
422.5 596 50 
A,, 
"'"" 
Lm.st DI• D1h Salt PWDm PWD~I s~~ m
 639 100 
Ma rnV Shale Chlk 
,. Anhyd m 646 100 
I I I I I I I "' 
6'3 100 
422.5 1574 50 iO 40 iO 50 
0 439 
"' 
447. l 1864 100 to 
100 0 442.3 736 20 60 
457.5 2013 100 iO 
50 0 44 7.E 82] 100 
461 2165 100 iO 50 
0 457.5 906 100 
4 6] 2168 ,o 50 IO 50 0 461 976 100 
468.6 2179 100 iO 100 
0 46] 980 
488 2JH 50 50 iO 50 0
 488 998 50 
'" 
2402 80 20 IO 50 0 
505 1053 80 
510 2437 100 iO 5
0 0 
''° 
11 67 100 
.. 4S. so 0 0 
5 14.5 1]02 50 
5 
m_237 0 ]]6 ··1-1o,..cll.l993" 
1\ ge O.p<h L,w DI• Dslt S:ih PWD
m PWD~1 Sea m_255 0 
Ma rn\f Sil.al~ Olli. S:;1 Anhyd 
Ag, Depth L11 11t 
I I I I I I I I 
~fa m\f" Shale 
447.t 1340 100 iO 1
00 0 I I I 
457.5 165 1 100 iO 50 
0 447. J 1278 100 
461 1798 100 iO 50 
0 4 51.5 141 9 100 
46] 180 1 50 50 to 50 0 
46 1 154 1 100 
488 lS..4 50 50 to 
50 0 46] 1542 
"' 
1887 80 lO to 50 0 
488 1576 50 
510 1923 100 iO 50 
0 505 ]608 80 
4.5 3 50 50 100 0
 51 0 1655 100 
514 .5 1777 50 
rn_2J8 0 ]]6 "How~ll.1993" 
2 
.,. Depth lnut DI• Bsl1 Salt PWDrn l'WDM Sta 
Ma mV Shale Oi!k s~ AtdL~11 m : I I I I I I 
30 iO 100 
50 to 100 
20 to 100 
IO so 
to 50 
to 50 
40 to 50 
to 50 
lO to 50 
80 to so 
to 40 IO 50 
to 50 
IO 50 
iO 100 
100 to 50 
lO IO 50 
to 100 
to 50 
iO 50 
20 iO 50 
,o Q 
)]6 '" How~II . 1993"" 
DI• Dsli S:111 PWDm PWDM Sea 
0 11k s. 
I I 
Anh yd : 
' 50 iO 100 
20 to 100 
iO 50 
iO 50 
to 50 
40 iO 50 
20 to 50 
lO iO 50 
80 to 50 
iO 40 iO 50 
IO 50 
iO 50 
to 100 
100 to 50 
20 iO 50 
to 100 
iO 50 
iO ,o 
IO 50 
~Q IQ !~ 
]]6 ~no .. ·d.1993" 
Dlst Osl1 Sall PWDm PWDM Sea 
Chlk s~1 Anhy,! 
I I I I I 
iO 100 
iO 50 
to 50 
50 to 50 
20 iO 50 
lO 50 
Q 
ll6 "Howtll.1993~ 
I>lst Osh Salt PWDm PWOM Su 
Ch!k SM Anhy,I 
I I I 
20 iO 50 
80 iO ,o 
to 40 lO 50 
iO 50 
iO 50 II 
iO 100 0 
100 to 50 0 
20 iO 50 0 
10 100 0 
iO 50 0 
iO 50 0 
50 50 lO 50 0 
50 iO ,o 0 
20 10 50 
iO 50 
50 iO 100 
00 Q 
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Chlk s, 
I 
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I I 
iO 100 
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iO 50 
50 50 10 50 
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20 iO ,0 
iO 50 
50 iO 100 
00 Q 
KENTUCKY DATA 
1. Identification 
2. Subsidence in feet or metres (1 or 0) 
3. Age of top of section 
4. Reference (data source) 
k._0 1 
Age O.,ptJ, 
Ma m\f 
I I 
377.4 18.0 
452.0 22 LO 
457.5 426.0 
467.0 438.0 
468.6 440.0 
476. 1 440.5 
492.0 789.0 
505.0 953.0 
5 1J.S 1495.0 
522.0 1560.0 
~~ 
k_02 
Age lxpth 
Ma ni\i 
I I 
328.0 655.0 
35 1.0 719.0 
)77.4 1002.0 
4 27.0 10 17.0 
431A 1140.0 
452.0 1450.0 
457.5 1793.0 
467.0 1810.0 
476.] 18 10.5 
492.0 21 87.0 
5 14.5 2602.0 
522.0 2665.0 
Shal<! 
I 
100 
100 
Shale 
I 
100 
100 
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0 
L,w 
Chlk 
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Ln11;1 
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100 
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100 
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DLst 
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Ke ntucky Ckologic.il Sut\·cy Op.!n Fil~ 
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iO 50 
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iO 50 
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to 50 
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Q.____lQQ_ 
Kcncucky Gmlogic:il Surwy Op,:11 Fila 
Dsll Sall PWl) u, PWDM Sea 
Anhy,l m 
I I 
to 50 
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iO 50 
iO 50 
to 50 
iO 50 
iO 50 
0 lO 
iO 50 
lO 50 
to 50 
- ---
__Q 
k_OJ 
A ge D.:p1h Lmst DI< 
Ma mlf Sh~le O llk 
I I I 
452.0 217.0 100 
457.5 352.0 100 
467.0 368.0 50 
476.1 368.S 100 
492.0 595.0 100 
5 14.5 87S.O 100 
522.0 902.0 100 
528.0 1~4.0 100 
'-" 
0 
Age i)qllh l.m\t DI< 
Ma rnlf Shale (.11\k 
I I I I I 
336.2 314.0 100 
351.0 487.0 100 
358. l 493.0 100 
360.3 532.0 
377.4 734.0 100 
424.0 81 9.0 100 
427.0 859.0 100 
430.4 867.0 
431.4 947.0 100 
439.0 958.0 100 
447. l 1248.0 100 
452.0 1336.0 100 
457.S 1548.0 100 
467.0 1555.0 50 
468.6 1576.0 
476.1 1576.5 100 
492.0 1680.0 100 
505.0 1695.0 
514.j 1996.0 100 
522.0 201 2.0 100 
ill 
k_0.5 0 
Age !xpth J.msl [)lst 
Ma mlf Shale 0 1lk 
I I 
' 
I 
328.0 222.0 100 
330.0 223.0 100 
336.2 255.0 100 
351.0 434 .0 100 
358.J 440.0 100 
360.3 478.0 
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~~4 _ ~~=~g~~~~:;:;~~~~8~~5g~!:;:5S 
522.0 1766.0 100 
528.0 19)9.0 100 
533.0 1977.0 100 
5] 60 20]9.0 JOO 
k_ l9 0 322 
A~( ~pell L1mt DlS1 O~ll 
Ma mV Sha I~ C.,1!k SS1 
! I I I 
328.0 93.0 100 
35 1.0 247.0 100 
358. 1 25 1.0 100 
360.;l 290.0 !00 
362.5 298.0 JOO 
377.4 4JO.O 100 
-1 27.0 .'4l.Q !00 
-1 30.-1 -157.0 100 
43 1.-1 526.0 JOO 
439.0 535.0 100 
452.0 847.0 JOO 
457.5 1031.0 JOO 
467.0 10-t5.0 50 50 
468.6 1065.0 JOO 
-1 76.1 1065.5 100 
492.0 1159.0 100 
505.0 1166.0 100 
514.5 1-153.0 lOO 
520.0 1475.o JOO 
524.0 1570.0 100 
528.0 1580.0 
k_20 0 322 
Ag~ D.:p<li lnw. 1)151 (bll 
M:i m'l Sh~k Chlk SS1 
I I I I I 
328.0 165.0 JOO 
336.2 215.0 100 
35 1.0 332.0 100 
358. 1 337.0 JOO 
360.3 543 .0 JOO 
414.0 639.0 100 
427.0 683.0 JOO 
430.4 697.0 JOO 
431.-1 785.0 JOO 
439.0 800.0 JOO 
-152.0 !136.0 100 
467.0 PII.O 50 50 
-1 68.6 1-1)-1.0 100 
476.J 143-1.5 100 
492.0 1516.0 100 
505.0 [533.0 100 
514.5 1901.0 100 
322.0 1919.0 100 
528.0 3232.0 100 
H3.0 JJ02.0 100 
~
k_21 0 322 
Ai;~ Deplh Lnut l>LS1 BsU 
Ma mlf Shale tlilk Sst 
I I I I I 
3J6.2 445.0 100 
35 1.0 546.0 100 
358.l 554.0 100 
360.J 573.0 100 
377.4 792.0 JOO 
JS6.0 954 .0 100 
4S2.0 1-178.0 100 
-157.5 !780.0 100 
467.0 1836.0 50 50 
468.6 1841.0 100 
-176.1 184!.5 JOO 
492.0 199-1.0 JOO 
505.0 2002.0 100 
5 14.5 23-IJ.0 100 
522.0 2389.0 100 
528.0 3777.0 100 
533.0 3868.0 JOO 
~
K_2l O 392 
Age D.:ptli LITN Dlsi Bsll 
~la m'f Sh:.1.: Chlk Sst 
I I I I I 
439.0 l-16.0 100 
476.l 146.5 100 
492.0 344.0 100 
505.0 670.0 100 
5 14.5 l 131.0 100 
522.0 I IS8.0 !00 
528.0 1347.0 JOO 
533.0 1386.0 100 
~
k_23 0 JJ2 
10 
10 
10 
1J)_ 
,o 
100 
,o 
lll9. 
K.:nlucky Ckologic.i l Sun·,:y Op,:n Fil.:.oi 
Anh)'d 
I 
Sal! PWDrn PW0~1 Sea 
I 
10 
10 
,o 
100 
10 100 
10 JOO 
ID ~ 
ID ~ 
10 50 
ID = 
10 50 
JO 50 
JO 50 
10 ~ 
JO 50 
ID ~ 
0 20 
= ~ JO 50 
JO 50 
10 100 
m 
KentuckyGcologic:dSurwyOp,:nFik.• 
S:ih PWDm PWD~i ~ka 
Anhyd 
I 
10 50 
10 50 
10 JOO 
10 100 
!O 100 
10 50 
10 50 
10 JOO 
10 100 
10 50 
to 50 
10 50 
10 100 
0 20 
10 50 
JO 100 
10 50 
JO 50 
10 100 
JO 50 
Kcn1uckyG.:ologic:i lSur",:yOl)cnFilc.• 
Sall PWDm PWD~l S.:a 
Anhy,.1 
I I 
to 50 
10 100 
JO 100 
to 100 
10 JOO 
10 50 
10 50 
JO 50 
10 50 
JO JOO 
IO 
IO 
IO 
IO 
IO 
IO 
!Jl. 
20 
" 100 
" ,o 
100 
50 
m 
KenmckyG.:ologic:ilSun-.:y Op.:n Fila 
Anh)11 
I 
Salt PWDn1 PWD~1 Sea 
I 
IO 
0 
IO 
IO 
,0 
20 
" 100 
10 50 
10 50 
IO = 
lO 50 
Ke nt ucky Gcologk.;iJ Sur,q Op.:n Filu 
Age O~l)lh lnlSI Ulst D.111 Salt PWDm PWD~1 S.:a 
Ma m\l Shale Otlk S!'I Anhyd 
I I 
J25.0 165.0 LOO 
336.2 191.0 100 
339.0 2-1-1.0 100 
3-12.0 3-1 7.0 100 
345.0 379.0 JOO 
35 1.0 -1 63.0 100 
377.4 515.0 lOO 
JSJ.7 532.0 lOO 
386.0 600.0 JOO 
393.4 63-1.0 lOO 
-101.0 642.0 lOO 
408.S 672.0 lOO 
-124.0 730.0 lOO 
-125.5 750.0 100 
-1 30.-1 827.0 JOO 
'439.0 832.0 JOO 
-1 52.0 1015.0 100 
-157.5 1178.0 100 
467.0 Jl 9J.0 50 50 
505.0 11 91.5 JOO 
41 30.0 60 
k_24 0 322 
Ai;c O.-p<l1 lnl"! DIS1 
Ma m'f Shal.: Chlk S51 
I I I I I 
35 1.0 191.0 JOO 
358. 1 196.0 100 
J60.3 231.0 lOO 
377.4 375.0 100 
424.0 427.0 100 
427.0 465.0 100 
430.-i 477.0 JOO 
4 32.-1 548.0 JOO 
439.0 565.0 100 
447.1 821.0 JOO 
452.0 883.0 JOO 
457.5 1027.0 JOO 
.476.1 l027.5 JOO 
492.0 1120.0 100 
505.0 113!.0 100 
514.5 1389.0 100 
522.0 1411.0 100 
528.0 J543.0 100 
].0 1578.0 
k_25 0 312 
Age lxptli Lm<t l>IS1 
~fo m'f Shal,: Chlk SM 
I I I J t 
324.0 137.0 100 
336.2 180.0 100 
35 1.0 29-l.O 100 
377.4 330.0 100 
424.0 346.0 100 
427.0 371.0 100 
43 1.4 435.0 100 
439.0 446.0 100 
-147. J 6-14.0 100 
452.0 729.0 100 
-1 57.5 952.0 100 
467.0 978.0 50 50 
468.6 985.0 100 
-1 76. 1 985.5 !00 
492.0 1347.0 lOO 
505 .0 1382.0 100 
514.5 1851.0 100 
322.0 1928.0 100 
528.0 2119!1.0 100 
k_26 O 362 
Agt! lxl)lh lnm Dl5t 
Ma m1f Shale Ch\k S51 
I ! I t I 
377.4 49.0 100 
386.0 66.0 100 
428.7 96.0 100 
430A 105.0 100 
433.0 109.0 100 
439.0 116.0 100 
432.0 348.0 !00 
457.5 500.0 100 
467.0 5 19.0 50 50 
468.6 522.0 100 
476.1 522.5 100 
492.0 744.0 JOO 
514.5 1329.0 100 
522.0 1392.0 lOO 
528.0 1383.0 100 
fill,Q 
k....27 0 392 
Age Dcl)lh Lnu! Dlst 
Ma m'l Shale Chlk s~i 
I I I I I 
452.0 135.0 100 
Bsll 
Ds!1 
DsU 
I 
ID ~ 
10 50 
10 50 
IO 50 
10 50 
JO 50 
ID ~ 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
10 50 
IO 50 
10 50 
10 50 
0 20 
1J)_ 
K~nlucky G.:ologic:il Surv.:y Op,:n Fil.!! 
S:111 PWDm PWDM Sea 
Anhyd 111 
, I I 
10 100 
10 100 
10 100 
10 100 
10 50 
10 50 
10 100 
" 10 so 
10 100 
10 50 
10 50 
0 lO 
10 50 
10 JOO 
10 50 
10 50 
10 100 
m 
Kenlucky Ckologic.il Sur,·(y ~n Fila 
Anhyd 
I 
S:111 PWDm PWDM S.,a 
I 
IO 
I 
,0 
10 50 
10 100 
10 JOO 
10 50 
10 50 
JO 50 
10 50 
10 100 
10 50 
10 50 
10 50 
10 JOO 
0 20 
10 50 
10 100 
10 50 
10 50 
m 
Kentucky <kological Sun·ey Op:11 Fila 
A1~1yd 
I 
Sa!! PWDm PWDM S;-3 
100 
100 
,0 
100 
,0 
,0 
,0 
" ,0 
100 
20 
" ,0 
,0 
100 
KcntuckyG.:ologic:il Sur\'cyOp.'n Fil ~s 
Salt PWDm PWO~t Sea 
A11hyd m 
I I 
10 50 
-1 57.5 31 1.0 100 
-1 67.0 326.0 50 
-H6. I 326.5 100 
-1 92.0 625.0 JOO 
51 -1.S 1069.0 100 
512.0 IJ JO.O JOO 
~2!10 [8}-1.0 100 
k_28 
Ag~ D~p<lt lnu1 Dlst 
Ma nN Shal.: Chlk 
I I I I I 
457.5 181.0 100 
467.0 195.0 50 
476.J 195.5 JOO 
492.0 489.0 1()0 
5 14.5 881.0 100 
522.0 926.0 100 
5U.O 1000.0 I 00 
k_29 
Ag,: l),:pth LnlSI Dbt 
M:i mlf Sh:ik Chlk 
I I I 
358.J 518.0 100 
362.5 550.0 LOO 
365.5 585.0 100 
368.5 603.0 100 
371.5 719.0 100 
374.5 760.0 100 
377.5 782.0 100 
408.5 860.0 
424.0 896.0 100 
427.0 927.0 100 
-130.4 956.0 
433.0 I OlO.O 100 
447. 1 1322.0 100 
452.0 1498.0 100 
457.5 182.4.0 100 
467.0 i857.0 50 
468.6 1860.0 
51 4.5 1860.5 100 
522.0 2349.0 100 
528.0 3167.0 100 
lli,Q______3_;i 
k_3o 
Age Dq!tl1 LnlSI Dl51 
Ma 111\f Shal~ <.11lk 
I I ! I I 
324.0 274.0 100 
336.2 354.0 100 
351.0 435.0 100 
358.1 462.0 100 
360.3 491.0 
377.4 717.0 100 
408.5 805.0 
424.0 860.0 100 
427.0 907.0 100 
430.4 9 14.0 
439.0 1011.0 100 
447. l 1255.0 JOO 
432.0 142S.O 100 
457.5 1761.0 JOO 
467.0 1802.0 50 
468.6 1812.0 
476.l 1812.5 100 
492.0 1940.0 lOO 
505.0 1987.0 
5 14.5 2291.0 100 
521.0 2343.0 JOO 
528.0 426-1.0 100 
533.0 082.0 JOO 
6.0 4423.0 
k_JI 
Age Depth LnlSI Dlst 
M:i m'l Sh:ilc Ollk 
I I I I I 
328.0 360.0 50 
3)0.0 4 13.0 100 
336.2 490.0 JOO 
35 1.0 568.0 100 
377.4 620.0 100 
427.0 639.0 100 
432.-1 736.0 100 
439.0 746.0 JOO 
452.0 l0-t6.0 !00 
-1 57.5 I J -1 6.0 100 
467.0 1371.0 50 
476. 1 1371.5 100 
492.0 1759.0 100 
,o 
J92 
S$1 
I 
,0 
322 
s. 
I 
100 
100 
,0 
IIJO 
JO> 
S51 
I 
100 
100 
100 
50 
100 
100 
J22 
,. 
I 
,0 
,0 
k_32 0 322 
Ils!! 
Dslt 
Bsl1 
Bslt 
Age l),:plh Lum Db1 Bi ll 
Ma m'l Shale Chlk Sst 
10 50 
10 ffl 
D m 
10 ~ 
10 so 
10 50 
Ke111ucky Cxologic:i l Sur"~Y ~II Fil<!.'l 
Salt PWDm PWD~1 s~a 
Anhyd 
I I 
JO 50 
ID 
0 
ID 
ID 
ID 
1J)_ 
,0 
20 
,0 
" ,o 
lll9. 
Kentucky Geological Sim·,:y Op,:11 Fil~i 
Sal! PWDm PWD~f Sea 
Anhyd 
I I 
10 100 
10 100 
10 100 
10 100 
10 100 
10 100 
10 100 
LO 100 
10 50 
10 50 
10 100 
JO 100 
10 100 
10 50 
,0 
to 50 
IO 
0 
IO 
IO 
Q 
100 
20 
,0 
100 
K.:ntuckyG,:ologicaJS=·eyOpenFila 
Aul1yd 
I 
Sa lt PWDm PWDM So 
I 
ID 
IO 
I 
,0 
,0 
10 JOO 
10 100 
10 100 
10 100 
10 100 
10 30 
10 ~ 
ID ~ 
10 50 
ID ~ 
10 50 
JO 50 
10 50 
JO 100 
JO 20 
JO SO 
10 JOO 
10 50 
10 ~ 
ID ~ 
10 50 
KcmuckyG.!ologic:ilSun·cy()p(.nf.i le.s 
Sal! PWDn1 PWDM St!a 
Anhyd 
I I 
10 50 
JO 50 
10 50 
JO 100 
10 100 
10 50 
10 50 
10 50 
10 30 
10 so 
10 50 
0 20 
10 50 
KcnluckyG.:olog icalSun·cyOp,:nFilcs 
Salt PWDm PWDM Sea 
Anl1yd 
3 3 6 . l  J O ( I . \ J  1 0 0  
3 5 1 . 0  3 6 - 1 . 0  1 0 0  
3 5 8 . 1  3 7 2 . 0  1 0 0  
3 6 2 . 5  3 7 - 1 . 0  5 0  5 0  
3 6 5 . 5  3 7 9 . 0  1 0 0  
3 6 8 . 5  3 8 2 . 0  1 0 0  
3 7 1 . 5  3 9 2 . 0  J O O  
3 7 - 1 . 5  3 9 7 . 0  J O O  
3 7 7 . - 1  - 1 0 1 . 0  1 0 0  
- 1 2 7 . 0  - I Q . - 1 . 0  J O O  
- 1 3 2 . 4  - 1 3 9 . 0  J O O  
- 1 3 9 . 0  4 5 2 . 0  J O O  
- I H . l  6 2 8 . 0  1 0 0  
4 5 2 . 0  7 1 9 . 0  1 0 0  
4 5 7 . 5  9 7 5 . 0  1 0 0  
4 6 7 . 0  9 9 0 . 0  5 0  5 0  
- 1 7 6 . 1  9 9 0 . 5  1 0 0  
- 1 9 2 . 0  1 4 2 2 . 0  ! 0 0  
5 1 4 . 5  2 0 3 2 . 0  1 0 0  
1 J l .  
k _ B  O  J 2 2  
A g e  Lk p 1 l l  L 1 1 ~ s 1  D I S !  
M a  1 1 1 \ [  S h a k  C h l k  S s t  
I  I  I  I  I  
3 2 8 . 0  4 0 8 . 0  1 0 0  
3 5 1 . 0  5 7 - 1 . 0  1 0 0  
3 5 8 . 1  5 8 0 . 0  [ 0 0  
3 6 0 . 3  6 1 6 . 0  l O O  
3 6 2 . 5  6 2 4 . 0  1 0 0  
3 7 7 . - 1  8 2 1 . 0  J O O  
4 2 4 . 0  9 - 1 - 1 . 0  1 0 0  
4 2 7 . 0  9 8 1 . 0  1 0 0  
4 3 0 . - 1  1 ! 5 4 . 0  1 0 0  
. i - 1 1 . 1  1 - 1 2 1 . 0  1 0 0  
- 1 5 2 . 0  14 . i 7 . 0  1 0 0  
. i 5 7 . s  1 1 1 0 . 0  1 0 0  
. i 6 7 . 0  1 7 5 2 . 0  5 0  5 0  
- 1 6 S . 6  1 7 9 - 1 . 0  1 0 0  
. i 7 6 . J  1 7 9 - 1 . 5  ! 0 0  
- 1 9 2 . 0  1 9 1 7 . 0  1 0 0  
5 0 5 . 0  1 9 3 8 . 0  1 0 0  
5 1 4 . 5  2 2 5 . i . o  1 0 0  
5 2 2 . 0  2 3 0 3 . 0  1 0 0  
~ 2 R . o  n 1 2 . o  1 0 0  
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Age Ixpth 
Ma m'f 
I I 
328.0 84.0 
35 1.0 262.0 
358.1 265.0 
365.5 296.0 
37 1.5 356.0 
377.4 359.0 
424.0 365.0 
427.0 394.0 
430.4 400.0 
.\32.4 463.0 
439.0 473.0 
452.0 772.0 
451.S 94 1.0 
467.0 953.0 
468.6 966.0 
476.1 966.5 
492.0 1074.0 
505.0 1089.0 
S14.5 1390.0 
S22.0 1417.0 
S28.0 1508.0 
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7 3 1 . 5  4 0  
7 9 7 . - 1  1 0 0  
! 0 9 3 . 3  
1 5 3 7 . - 1  1 0 0  
! 5 7 0 . 3  
1 7 - 1 2 . 3  
1 7 6 7 . 3  
1 7 6 8  1 0 0  
! 9 0 2 . 6  
1 9 3 5 . 2  2 0  
2 0 8 7  
L . :  
L l l l ' < I  
I  
6 0  
l l l l l  
L n \ ' 1  
J O O  
J O O  
C h l k  
I  
C h l k  
'  
J O O  
6 0  
6 0  
1 0 0  
6 0  
6 0  
D l s l  
J O O  
6 0  
6 0  
4 0  
" "  
! - ; . < t  
I  
2 0  
4 0  
" "  
3 2 2  
S . , i  
I  
6 0  
2 0  
4 0  
f i l  
o h _ O s  O  3 2 2  
A g e  D , : p t h  L n i < t  D l s t  
M a  r n ' f  S h a l e  C h l k  S s t  
I  I  I  I  I  
3 5 0  3 7 1 . 9  - 1 0  ~ 
3 6 0 . 3  9 7 - 1 . 2  - 1 0  6 0  
3 8 6  1 0 7 1 . l  1 0 0  
- 1 3 9  1 3 9 3 . 6  ! 0 0  
4 - 1 7 . 1  1 8 7 - 1 . 5  1 0 0  
- 1 5 2  1 9 1 2 . 6  1 0 0  
4 5 7 . 5  2 0 9 - 1 . 9  1 0 0  
4 6 7  2 1 2 0 . 8  J O O  
- 1 8 3  2 1 2 J . 5  1 0 0  
5 1 0  2 3 2 - 1 . - 1  1 0 0  
5 1 4  2 3 - 1 9 . 7  2 0  6 0  2 0  
5 1 8  2 5 1 4 . 3  6 0  4 0  
5 2 2  ~ - 1 6 . 6  l . Q Q .  
o h _ 0 9  0  3 2 2  
A g e  D , : p 1 . h  L m ~ I  0 1 s t  
M a  m \ l  S l m l e  C h l k  S s t  
I  I  I  I  I  
4 - 1 7 . J  3 7 2 . 8  J O O  
4 5 2  3 8 7 . 7  J O O  
- 1 5 7 . 5  5 3 1 . 6  ! 0 0  
4 6 7  5 5 - 1 . 7  1 0 0  
4 8 3  5 5 5  J O O  
5 1 0  8 + 1 . 6  1 0 0  
5 1 4  9 4 9 . 5  2 0  6 0  2 0  
5 1 8  1 0 2 6  . .  9  6 0  4 0  
l l  I  U  ! . 1 ' ) _  
o h _ l O  O  3 2 2  
A g e  D e p t h  L m . 1 1  0 1 s t  
M n  m \ l  S h a l e  O t l k  S s t  
I  I  1  I  I  
3 5 0  3 1 3 . 9  - 1 0  6 0  
3 6 0 . 3  6 5 3 . 8  - 1 0  6 0  
3 8 6  7 0 2 . 6  J O O  
- 1 3 9  9 4 3  . .  J  ! 0 0  
- 1 4 7 . 1  1 2 9 5 . - 1  J O O  
4 5 2  1 3 5 8 . 5  1 0 0  
- 1 5 7 . 5  1 5 1 0 . 9  1 0 0  
- 1 6 7  1 5 2 7 . 7  1 0 0  
4 8 3  1 5 2 8  1 0 0  
5 1 0  1 7 8 3 . 1  1 0 0  
5 1 - 1  1 8 1 8 . S  2 0  6 0  2 0  
6 0  - 1 0  
f i l  
o l U I  o  3 2 2  
A g e  O . , p 1 h  L m , t  D l s t  
M a  m \ l  S h a l e  C h l k  S S I  
I  I  I  I  I  
- 1 4 7 . 1  1 - 1 3 7 . !  J O O  
- 1 6 7  1 6 3 8  J O O  
1 3 6 3 . 5  1 0 0  
D s l l  
D s l t  
B . s l l  
1 0  2 0  
1 0  5 0  
1 0  5 0  
1 0  5 0  
O h i o  D i v .  K a i .  R ~ . , . ;  D i \ " .  G e o l .  S u r v . ;  O p e n  f i l e ,  
S a h  P W D 1 1 1  p w o : , . 1  
A n h y d  
'  
l O  5 0  
1 0  2 0  
l O  . s o  
1 0  2 0 0  
I Q  5 0  
1 0  1 0 0  
J O  2 0  
J O  5 0  
J O  5 0  
1 0  5 0  
Q _ _ _ _ _ _ _ _ l J l 9 _  
O h i o D i v . N a t . R . : s . ; D i l ' . G e o l . S u r v . : O r c n f i l e s  
S a l t  P W D n ,  P W D M  S e a  
A n h y d  1 1 1  
I  >  
1 0  J O O  
J O  5 0  
1 0  2 0  
J O  5 0  
1 0  2 0 0  
1 0  5 0  
1 0  5 0  
1 0  J O O  
1 0  2 0  
J O  5 0  
1 0  5 0  
J O  5 0  
•  
O h i o  O i v .  N a t .  R e s . :  D i l ' .  G e o l .  S u r v . ;  O p , : 1 1  f i l e s  
A n h y d  
I  
S a l t  P W D m  P W D M  S e a  
'  
1 0  
! O  5 0  
1 0  2 0  
1 0  5 0  
1 0  2 0 0  
1 0  5 0  
1 0  5 0  
J O  1 0 0  
1 0  2 0  
1 0  s o  
J O  5 0  
I O  5 0  
l . ! L _ _ _ _ _ l Q l l  
O h i o  D i 1 · .  N a t .  R e ; . ;  O i l ' .  G e o L  S u n · . :  O p e n  f i l e s  
A 1 U 1 y d  
'  
S a l t  P W D m  P W D M  S e a  
I  
1 0  2 0 0  
1 0  5 0  
1 0  5 0  
1 0  1 0 0  
J O  2 0  
1 0  5 0  
J O  5 0  
J O  5 0  
Q _ _ _ _ _ _ _ _ l J l 9 _  
O h i o  O i l ' .  N a t  R e s . ;  D i v  . .  G . - o ! .  S u n · . ;  O p e n  f i l e s  
S a l t  P W D m  P W O M  S e a  
A n h y d  1 1 1  m  
>  I  I  
1 0  1 0 0  
1 0  5 0  
J O  2 0  
1 0  5 0  
1 0  2 0 0  
1 0  5 0  
1 0  5 0  
1 0  J O O  
J O  2 0  
! O  5 0  
J O  5 0  
l O  5 0  
N  
O h i o  O i l ' .  N a t .  R e s . ;  O i l ' .  G e o l .  S u n · . ;  O p e n  f i l e s  
A r U 1 y d  
'  
S a l t  P W D m  P W D M  S e a  
I O  
I  
2 0 0  
! O  J O O  
1 0  2 0  
- ~  
- 1  
:ilO 1748..1 
5 18 1809.9 
llL----1.fil 
oli_l2 
Ag~ Dq)lh 
;\fa m'f Shak 
I I I 
J 50 !08.5 -1 0 
360.J 330.-1 -10 
386 371. 2 100 
439 56.U 
-147.1 960.4 100 
452 978.7 
-157.5 J[-10.3 
-167 1160.1 
-183 1161.5 100 
510 1315.5 
514 134 1.7 20 
518 1-1-1 7.8 
oh_ i3 
Ag~ Dqllh 
Ma ni'l Shale 
I I I 
350 580.7 -10 
360.J t-165.1 40 
386 1611.2 100 
439 2028.5 
4,H.1 2564.6 100 
452 2612.8 
451.5 "1805.4 
467 2855.1 
-183 2856 100 
510 32 11.l 
SH 325 1.3 20 
S IS 3-17.1.7 
nh_ J-1 
Ma m'l Shak 
I I I 
350 213.-1 -10 
360.3 .u.i.7 -10 
386 -111.9 roo 
-139 649.2 
-147.1 1027.2 100 
-152 1110.7 
-157.5 1167.-1 
467 1206.-1 
-183 1207 100 
5 10 15-13.8 
51 -1 1590. 8 20 
518 1683. J 
Q 
ol1_ IS 
Age !xpt11 
M::t m\f Sh:il~ 
I I I 
350 79.9 -10 
360.3 606.3 40 
386 789.J 100 
439 1110.1 
+n.1 1636.8 100 
-152 167 1.5 
-157.S 1852 
-167 1873.J 
483 187-1 100 
510 1928.2 
514 1970.9 20 
5 18 2121.7 
or,_ 16 
Age lxp1h 
;\fa m\l Shnk 
I I I 
350 75 40 
360.3 600.S 40 
386 762 100 
-139 1122.9 
-1-17.1 1667.9 100 
-1 52 1703.2 
457.5 1878.S 
467 189-1.7 
-1 83 1895 100 
5!0 1956.2 
51-1 1996.8 20 
5 18 21-1 2.8 
, 
oh_ l7 
.... ,c D.:pth 
Mn 1n'l Shale 
I I I 
Lin~ 
60 
100 
100 
II~ 
I.UN 
60 
100 
100 
100 
60 
100 
100 
,~, 
0 
Lol'II 
100 
100 
100 
l.nlSI 
60 
100 
100 
100 
0 
tu~ 
Chlk 
Chlk 
I 
Oilk 
I 
O,lk 
I 
Chlk 
I 
Chlk 
I 
100 
60 
Dl.sl 
100 
60 
60 
""' 
100 
60 
60 
100 
60 
60 
D"' 
100 
60 
60 
DI~ 
100 
60 
60 
Dlst 
322 
s. 
I 
60 
100 
10 
'° 
322 
'" I 
60 
100 
10 
'° 
m 
S,i 
I 
60 
100 
10 
,o 
00 
m 
Sst 
I 
60 
100 
10 
, o 
,. 
I 
60 
10 
,o 
m 
s~1 
I 
Dslt 
Bsh 
Bsl1 
Bslt 
Bsll 
10 50 
JO SO 
Q___1Q<>_ 
Ohio Di\. !\at. R.:s.: Dis·. ~ol. Sur.·.:Op..-n fil.!S 
S::tll 1'W01n PWDM S(a 
A1~1>·<l 
I I 
IO 100 
JO 50 
JO 20 
JO SU 
10 200 
JO 50 
10 so 
10 100 
JO 20 
JO SO 
JO so 
10 50 
OhioDiv.l\'.M.lk,.:Div. (kol.Sun·. :()p,.: n fila 
Sall P\VOm PWD~I Se::t 
A1~1y1I 
I 
w ~ 
10 W 
10 20 
10 so 
10 200 
10 50 
IO SO 
10 !00 
JO 20 
JO 50 
10 W 
10 50 
Ohiol)iv. l\'.al . R.:s.; Di,·.G<!oLSur,·.;Op..-nfila 
Anhyd m 
I I 
JO 100 
10 50 
lO 20 
10 so 
10 200 
10 50 
!O 50 
to JOO 
10 20 
to so 
10 so 
10 so 
Ohio Div. N.11. Res.: Di,·. Genl. Sun·.: Open fila 
Sall PWDm PWD~ Sea 
Anhyd 
I I 
10 100 
10 SO 
IO 20 
10 so 
10 200 
10 so 
10 so 
10 100 
10 20 
lO SO 
10 so 
10 so 
Q___1Q<>_ 
Ohio Di,·. :,;111 . R4: Di,·. G.:ol. S..v.: Op;:n files 
Sall PWDn, PWDM Sea 
Anh)'ll 
I 
10 100 
10 :'iO 
10 20 
10 50 
10 200 
Iv 50 
10 so 
IO 100 
10 20 
10 50 
10 50 
IO SO 
j)_ 
Ohio Di,·. 1'n1. Res.; D1". Gcol . Sun·.: Op.,u files 
Snl1 PWD111 PWD;\I Sen 
Auhyd 
I 
350 
360.3 
439 
4-1 7.1 
-1 51.5 
"' m 
310 
'" 
'" , 
oh_l S A,, 
Ma 
I 
350 
360.3 
'"' 439 
-147.1 
m 
-151.5 
"' m 
510 
'" 
"' m 
oh_ J9 
Ag<! 
M3 
I 
439 
-147.1 
m 
-151.5 
"' 483 
510 
'" 
"' , 
oh_20 
Ate 
~ia 
I 
350 
]86 
439 
447.1 
'51 
457.5 
"' 
"' 510 
"' 518 
g 
oh_2! A,, 
Ma 
I 
350 
360.3 
'"' 
"' 447.1 
452 
457.5 
467 
m 
510 
514 
518 
, 
oli_22 
As, 
;\13 
I 
)SO 
360.3 
]86 
"' 4-17. 1 
m 
-1 57.5 
"' m 
510 
'" 518 
1 
316.7 -10 
llJ0.2 -10 
1196.7 
1676..1 100 
1891 
1916 
1916.5 JOO 
2076.9 
2110.8 20 
2270.8 
-· 
mV Shale 
I I 
259.4 40 
740.7 40 
836.1 100 
1129.3 
16!0.6 100 
16-16.9 
1820.6 
184 1 
1841.5 100 
,, .. 
2025.7 20 
2189.7 
2223.8 
D,,pl11 
m\l SI.ale 
I I 
176.8 
509.3 JOO 
524.3 
669.7 
691.3 
692 JOO 
956.S 
1000.7 20 
1119.2 
12.!i 
D<p<h 
m\f Shal~ 
I I 
58.2 -10 
195.1 100 
342.6 
646.2 100 
665.7 
811.1 
831.5 
832 100 
1134.8 
1222 20 
1308.5 
l.\Ji 
D<p<h 
mV Shal~ 
I I 
28 1.6 40 
S25.S 40 
566.9 100 
7-14.3 
1120.8 100 
1143 
1294.8 
1314.6 
i31S 100 
160-l.5 
1660.3 20 
1793.8 
illJ,2 
O..,p1h 
m< 
I 
Shnl~ 
I 
Jl5.5 -10 
576.4 40 
610 
832.4 
1196 
1219.2 
1377.J 
l-103 
100 
·~· 
1-103.5 100 
1690.7 
17-19.6 20 
1875.8 
~ 
60 
100 
100 
0 
Lms1 
100 
100 
100 
0 
Lnl,t 
I 
100 
100 
100 
0 
Lnm 
100 
100 
0 
Lum 
60 
100 
100 
0 
Lnl'i1 
60 
100 
100 
100 
C.11\k 
C:hlk 
I 
Chlk 
I 
Chlk 
I 
Chlk 
I 
100 
60 
60 
Dlst 
100 
60 
60 
oi. 
100 
60 
60 
""' 
100 
60 
60 
"'" 
100 
60 
60 
1)151 
100 
60 
60 
60 
100 
10 
'° 00 
J2l 
S,t 
I 
60 
100 
10 
40 
100 
311 
SM 
I 
10 
,o 
ill 
m 
s~1 
I 
60 
100 
10 
40 
l21 
Sst 
' 60 
100 
10 
,o 
322 
,. 
I 
60 
100 
10 
40 
Ba, 
D., 11 
Dslt 
''" 
Bs!t 
w ~ 
• 10 W 
10 200 
10 W 
JO 100 
10 20 
10 W 
10 so 
10 SO 
Ohi0Div.:-.a1. Re.~ .; Div.G<!ol.Sur,·.:Op,,n files 
Salt PWDm PW0;\1 S<!::t 
An.h y,I 
I I 
10 100 
IO 50 
10 20 
10 50 
10 200 
IO SO 
10 50 
ro 100 
10 20 
10 50 
10 so 
10 50 
10 200 
Ohio Div. l\:it. ~s.; Div. Gcol. Surv.; Open fila 
Al~l)'ll 
I 
S.1 11 l'WDm PWDM Sea 
I 
IO 
IO 
IO 
10 
IO 
10 
10 
10 
10 
,0 
100 
50 
,0 
100 
10 
50 
50 
50 
Ohlo Div. N:ii. Ra.; Di,·. Geol. Surv.: Op,m fil es 
Anhy,I 
I 
S.111 PWO,u PWD;\I Sc:i 
IO 
10 
10 
10 
10 
10 
IO 
10 
IO 
10 
10 
100 
10 
,0 
100 
50 
,0 
100 
10 
50 
,0 
,o 
00 
Ohio Di,·. Na1. Re.<.: Div. Gcol. Surv.; Op,!n fila 
irnhyd 
I 
Salt PWOm PWDM S<!a 
I 
IO 
"' I 
JO H 
10 20 
JO SO 
10 200 
10 so 
10 so 
w ~ 
10 20 
10 H 
10 50 
10 ~ 
Ohio Di\'. 1'n1. Res.; Div. G.:ol. Sur,·.: Open fila 
Snlt PWDm PWD;\I S.:n 
,\11hyd 
I I I 
10 100 
JO SO 
10 20 
10 50 
10 200 
10 50 
10 50 
10 100 
10 20 
10 50 
ID 50 
10 so 
oh_23 
Ag, 
M, 
I 
JSO 
360.3 
JS6 
"' -147.J 
-152 
-157.S 
"' 483 
"' 
'" 
"" 
nh_24 
Age 
~fa 
I 
360.J 
]86 
"' -1-1 7.1 
"' -151.S 
"' 
oh_25 
As, 
Ma 
' ]86 
"' 447.J 
452 
451.5 
-167 
"' 510 
5i, 
"' 
oh_l6 
AS< 
Mn 
I 
360.3 
"' -1 47. J 
"' 457.S 
"' 483 
510 
"' 518 
oh_27 
Ag, 
;\fa 
I 
l86 
451 
451.S 
"' 
'"' 510 
5 14 
"' 
oh_28 
Age 
;\l::t 
I 
J,O 
360.3 
]86 
"' -147. 1 
-151.5 
"' 
'"' 510 
5 14 
518 
°'"'' mll Sh:ik 
I 
29 1.1 -10 
518.8 40 
5-16.8 100 
752.9 
1094.2 100 
1121.-1 
1291.5 
JJJ5.8 
1316 100 
1606.3 
J66U 20 
1763.9 
• 
D.::p1h 
mV Shak 
I 
108.2 -10 
138.J 100 
282.6 
639.2 JOO 
669.7 
800.-t 
822. 1 
823 100 
1059.2 
JIO l.9 20 
122-1 .1 
l:kp1h 
rnV Sh.:i l~ 
I I 
58.8 100 
193.2 
52-1.9 JOO 
539.S 
684.6 
705.9 
706 100 
965 
1008 20 
1126.2 
D.:p1h 
mV Shale 
I I 
600.8 40 
960. 1 
1423.7 JOO 
1459.-1 
1635 
1660.6 
1661 100 
1774.6 
1807.8 20 
1956.2 
.!H.. 
o.,.,, 
m\l Shnlc 
I I 
!078.7 100 
1660 
1865.-1 
1880.9 
1881 100 
1993.4 
2018.-t 20 
2115.J 
1Q,, 
Depth 
rn'{ Shnk 
I I 
70.1 40 
563.3 40 
683. 1 100 
997.6 
1616.1 100 
178-1.9 
1799.6 
1800 100 
1887.3 
1938.2 20 
2DJ2.I 
0 
Lm,1 
100 
100 
100 
0 
L11i.sl 
60 
100 
II~ 
100 
0 
Lnm 
100 
100 
100 
0 
Lmst 
I 
60 
100 
100 
100 
Lmst 
100 
100 
0 
Lnm 
60 
100 
100 
Chll. 
I 
Chlk 
Cltlk 
I 
01lk 
I 
Chlk 
I 
O ,lk 
I 
DI~ 
100 
60 
60 
DI• 
100 
60 
60 
Dl~t 
100 
60 
60 
100 
60 
60 
DI~, 
100 
60 
60 
DI• 
100 
60 
60 
322 
s. 
I 
60 
100 
10 
40 
m 
Sst 
I 
100 
10 
40 
322 
"" I 
100 
10 
,o 
00 
311 
s. 
I 
100 
40 
ill!)_ 
J22 
s. 
I 
10 
,o 
m 
'" I 
60 
100 
10 
,o 
Bsl1 
Bill 
Bsl1 
Ohio Di,·. l\'.31 . R.::s. : Di,·. G.:ol.Surv.; Op,cn filas 
Sall PWDn1 l'WD~1 Sea 
Anhyd tn m 
I I I 
10 JOO 
10 so 
10 20 
10 50 
10 200 
10 50 
IO SO 
10 IOI> 
to 20 
10 so 
10 50 
JO so 
Ohio Di,·. !\'.al. R~s.: Di1·. Gcol. Surv.; Open file!! 
Anhy(I 
I 
s~lt PWD1n PWD;\1 s~::t 
I 
!O SO 
10 20 
10 so 
w = 
10 50 
10 50 
10 JOO 
10 W 
JO SO 
10 ~ 
10 so 
Q 
Ohio Di,·. N3t. R.?s.: Di,·. txnl. Sur,·.: Op,:n files 
Anh}ll 
I 
Sa ll PWDu, PWD~I Sen 
m 
I 
10 20 
JO 50 
w -10 SO 
10 so 
JO 100 
10 20 
10 ~ 
JO SO 
10 ~ 
00 
Ohio Div. Nat Re$.; Di1·. G~ol. Sur,·.: Op.:n files 
Salt PWDm PWD.\f Su 
t nhyd 
' 10 50 
10 W 
lO ~ 
JO 50 
JO 50 
10 JOO 
10 20 
10 50 
JO SO 
10 50 
m 
Ohio Div. Na 1. Ru.: Dh'. ~ol. Sllf\'.: Open fila 
Allh )'d 
I 
Salt PWDm PWD;\1 Sc~ 
I I 
10 20 
10 50 
10 50 
w ~ 
10 20 
10 50 
10 50 
10 50 
j)_ 
Ohio Di,-. Nat. Ru; Di,·. G.:ol . Sur.·.: Open files 
Sa lt PWDm PWDM Sen 
Anhyd m m 
I I I 
JO 100 
JO SO 
10 20 
10 50 
10 100 
10 50 
10 JOO 
10 20 
10 50 
10 SO 
10 50 
5 2 2  2 0 6 L l  0 0  
o h _ 2 9  0  3 2 2  
A g e  T k p l h  L m < I  D b t  B s l 1  
I - f a  m l f  S h a l e  C h l k  S s !  
I  I  I  I  I  
3 6 0 . 3  - 1 2 6 . 7  4 0  6 0  
3 8 6  5 4 8  1 0 0  
- B 9  8 1 3 . 2  1 0 0  
- 1 4 7 . 1  1 4 0 1 . 8  J O O  
4 5 7 . 5  1 5 7 8  1 0 0  
4 6 7  1 5 8 8 . 3  1 0 0  
4 8 3  1 5 8 9  1 0 0  
5 1 0  1 6 6 3 . 6  J O O  
5 1 - 1  1 7 1 3 . 6  2 0  6 0  2 0  
5 1 8  1 7 9 - 1 . l  6 0  4 0  
8 0  J O O  
o l , _ 3 0  0  3 2 2  
A i ; c  D , , p t h  L m s t  D l s t  B . , 1 1  
M a  m l f  S h a l e  C h l k  S s t  
I  I  I  I  I  
3 5 0  2 0 8 . 2  4 0  6 0  
3 6 0 . 3  4 0 1 . - 1  4 0  6 0  
3 8 6  4 2 0  J O O  
4 3 9  6 3 7 . 6  1 0 0  
- 1 4 7 . 1  9 1 4 . S  1 0 0  
4 5 2  1 0 6 5 . 3  1 0 0  
4 5 7 . 5  1 1 7 9 . 6  1 0 0  
4 6 7  1 2 2 2 . 6  J O O  
4 8 3  1 2 2 ]  1 0 0  
5 1 0  1 4 9 2  1 0 0  
5 1 4  1 5 5 8 . 5  2 0  6 0  2 0  
. f i l . . _ _ _ _ _ _ _ i Q  
o h _ 3 - I  O  3 2 2  
A g e  D . : p d 1  L r m 1  0 1s t  D s l l  
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Appendix 2: K_J 4 38.3344 83.1575 Kentucky Carter K_ 15 37.2224 84.8064 Kentucky Casey 
K_ 16 37.8916 84.1972 Kentucky Clark 
Additional location information for the stratigraphic sections Locations of stratigraphic data used in this 
K_ l7 38.0248 84.1658 Kentucky Clark 
K_l8 37.1585 83.9550 Kentucky Clay 
used in this study is included in the back sleeve of this study. K_ 19 38.0948 83.1967 Kentucky Elliot 
dissertation . These data are given in a paper pull-out and K_20 38.1447 82.9560 
Kentucky Elliot 
K_21 37.4932 82.7581 Kentucky Floyd 
additionally as text and Microsoft Word 6.0 files on a K_22 37.7 174 84.6323 Kentucky Garrard K_23 37.4693 86.5140 Kentucky Grayson 
supplementary floppy disk. K_24 38.6394 83.0515 Kentucky Greenup 
Well ID Lat. (0 N) Long. (°W) State County K_25 37.4536 83.9476 Kentucky Jackson 
!L_O J 40.1200 87.8900 Illinois K_26 38.2192 85.8404 Kentucky Jefferson 
IL_02 41.7300 88.3000 Illinois K_27 37.8190 84.5090 Kentucky Jessaminc 
IL_03 38.2200 89.3500 Illinois K_28 37.8108 84.5746 Kentucky Jessamjne 
IL_04 38.4600 88.4100 Illinois K_29 37.7438 82.6722 Kentucky Johnson 
!L_05 38.0400 88.4800 Illinois K_30 37.8025 82.7222 Kentucky Johnson 
IL_06 37.3400 88.8900 Illinois K_31 36.8243 83.7957 Kentucky Knox 
lL_07 40.9300 89.0400 Illinois K_32 36.9762 84.3008 Kentucky Laurel 
IL_08 39.7400 88.6300 Illinois K_33 38.2265 82.7446 Kentucky Lawrence 
1L_09 42.4500 89.8400 Illinois K_34 37.6897 83.7442 Kentucky Lee 
IL 10 38.6600 89.2100 Illinois 
-
K_35 37.2292 83.4582 Kentucky Lesl ie 
IL II 38.5500 89.0200 fllinois 
-
K_36 38.3638 83.2726 Kentucky Lewis 
IL 12 41.0400 88.1300 minois 
-
K_37 38.5450 83.2160 Kentucky Lewis 
IL 
-
13 42.0300 89.6700 Illinois K_38 38.5361 83. 1305 Kentucky Lewis 
IL 14 38.6900 89.7300 lllinois K_39 37.4611 84.7883 Kentucky Lincoln 
1L_ l5 38.7600 87.7700 Illinois K_40 37.7837 84.4321 Kentucky Madison 
lL 16 41.5100 89.1300 Illinois 
-
K_41 37.8567 82.5220 Kentucky Mat1in 
!L_ 17 42.4200 88.6400 Illinois K_42 38.5474 83.6664 Kentucky Mason 
lL_ 18 38.4900 90.1600 Illinois K_43 37.9590 86. 1271 Kentucky Meade 
!L 19 41.1500 87.6800 Illinois K_44 37.8735 83.5514 Kentucky Menifee 
IL_20 41.3200 89.1600 Illinois K_45 38.0095 83.5130 Kentucky Menifee 
IL_21 37.3600 89.3600 Illinois K_46 36.9405 85.7376 Kentucky Metcalfe 
IL_22 39.7900 88.3500 Illinois K_47 37.9761 83.9557 Kentucky Montgomery 
lL_23 41.3300 88.2300 Illinois K_48 37.8643 83.3697 Kentucky Morgan 
IL_24 37.6000 88.5600 Illinois K_49 37.9222 83.4590 Kentucky Morgan 
IL_25 40.7500 87.6800 Illinois K_50 38.0444 83.3066 Kentucky Morgan 
IL_26 40.5800 88.9300 Illinois K_5 1 37.3657 83.3243 Kentucky Perry 
IL_27 38.4000 90.1700 Illinois K_52 37.4820 82.463 1 Kentucky Pike 
IL_28 41.6800 89.3200 Illinois K_53 37.8076 83.9545 Kentucky Powell 
!L_29 39.1000 88.8800 Illinois K_54 37. 1224 84.6479 Kentucky Pulaski 
K_55 37.0873 84.5603 Kentucky Pulaski 
Well ID Lat. (°N) Long. (°W) State County K_56 38.0976 83.3474 Kentucky Rowan 
IN_O l 40.9230 85.1790 Indiana Allen K_57 38.1654 83.3045 Kentucky Rowan 
[N_02 40.9730 84.9110 Indiana Allen K_58 38. 1975 83.5288 Kentucky Rowan 
IN_03 41.1870 85.1550 Indiana Allen K_59 37.6255 87.8294 Kentucky Union 
[N_04 40.5270 85.2590 Indiana Blackford K_60 37.5800 87.7424 Kentucky Webster 
lN_05 40.5040 85.3410 Indiana Blackford K_61 37.5870 87.5493 Kentucky Webster 
IN_06 40.8770 86.4940 lndiana Cass K_62 37.7085 83.3679 KcnlUcky Wolfe 
[N_07 40.9000 86.48 10 Indiana Cass 
IN_08 40.8820 86.4750 Indiana Cass Well ID Lat. (0 N) Long.( 0 W) State County 
IN_09 39.2640 87.0930 lndiana Clay M_7 45. 1390 83.3500 Michigan Alpcna 
IN _JO 40.1820 85.3220 Indiana Delaware M_20 42.3910 85.0660 Michigan Barry 
IN JI 41.5180 85.8 190 Indiana 
-
Elkhar M_29 43.6480 83.9520 Michigan Bay 
[N 
_ 12 39.6920 85.0930 Indiana Fayeue M_31 42.0500 86.2300 Michigan Bcricn 
!N_ I3 39.4770 85.2330 Indiana Franklin M_32 42.0490 85.1960 Michigan Branch 
IN 14 40.9550 86.3810 Indiana 
-
Fulton M_42 41.9400 85.9000 Michigan Cass 
IN_l5 40.9290 86.4620 Indiana Fulton M_45 45.1740 84.8430 Michigan Chmfovoix 
IN_J6 40.9150 86.4600 lndiana Fulton M_46 45.6810 85.5820 Michigan Charlcvoix 
IN 17 40.9180 86.4350 Indiana 
-
Fulton M_49 45.4310 84.4260 Michigan Cheboygan 
IN 
-
18 40.9430 86.4290 Indiana Fulton M_51 43.8180 85.0200 Michigan Clare 
IN 
-
19 40.5280 85.8280 Indiana Grant M_69 42.5070 84.4830 Michigan Eaton 
IN_20 38.9770 86.9900 Indiana Greene M_74 43.86 10 84.3460 Michigan Gladwin 
IN_21 39.8500 85.2510 Indiana Henry M_80 44.5920 85.5900 Michigan Grand Trav. 
IN_22 40.4910 85.9640 lndiana Howard M_81 43.2660 84.5860 Michigan Gratiot 
IN_23 40.1680 87.2680 Indiana Jasper M_87 42.1270 84.4700 Michigan Hillsdale 
IN_24 40.5090 85. 1060 Indiana Jay M_93 43.7030 82.6350 Michigan Huron 
IN_25 40.4060 85.1130 Indiana Jay M 
-
115 42.1540 85.5230 Michigan Kalamazoo 
IN_26 39.5230 86.1050 Indiana Johnson M 
-
121 42.8600 85.3500 Michigan Kent 
IN_27 41.7050 85.4460 Indiana Lagrange M 128 42.5830 83.8870 Michigan Livingston 
IN_28 41.7320 85.3330 Indiana Lagrange M_ 132 42.5900 84.0470 Michigan Livingston 
[N_29 41.6540 87.4400 Indiana . Lake M 139 43.9700 86.3900 Michigan Mason 
IN_30 38.8450 86.6820 Indiana Lawrence M_ l52 44.2680 85. 1000 Michigan Missaukee 
II! 
!N_31 41.3860 86.1 850 Indiana Marshall M 
-
179 43.7180 86.01 90 Michigan Ncwaygo 
IN_32 41.3230 85.3570 Indiana Noble M_ l81 43.8130 85.6300 Michigan Newaygo 
1N_33 4 1.4860 87.0030 Indiana Porter M 
-
184 43.5500 86.4500 Michigan Oceana 
1N_34 41.6390 87. 1120 Indiana Porter M 199 44.2750 85.3790 Michigan Osceola I 
-
IN_35 4 1.6310 87. 1850 Indiana Porter M_200 44.2750 85.3790 Michigan Osceola 
IN_36 40.9140 86.5000 Indiana Pulaski M_215 43.1100 85.8500 Michigan Ottawa 
1N_37 40.9670 86.85 80 Jndiana Pulaski M_216 42.8500 86. 1100 MicHigan Ottawa 
IN _38 40.1000 85.0880 Indiana Randolph M_219 42.9400 86.0400 Michigan Ouawa 
IN_39 40.0160 84.9490 Indiana Randolph M_221 45.4810 84.2970 Michigan Presquc Isle 
IN_40 41.7550 84.9080 Indiana Steuben M_222 45.2800 83.8600 Michigan Presque Isle 
IN_41 38.9410 85.1020 Indiana Swilzcrland M_230 43.4370 82.38 IO Michigan Sanilac 
1N_42 39.8500 87.4210 Indiana Ve1million M_231 43.2390 82.3430 Michigan Sanilac 
IN_43 40.9410 85.8040 Indiana Wabash M_237 42.8810 82.9 160 Michigan St. Clair 
[N_44 39.7400 85 .0230 Indiana Wayne M_238 42.5870 82.5890 Michigan St.Clai1' 
!N_45 40.9040 86.7940 Indiana White M_239 42.7190 82.6230 Michigan St. Clair 
M_240 43.0060 82.6950 Mich igan SL Clair 
Well ID Lat. (0 N) Long. (°W) State County M_241 41.9200 85.3700 Michigan St. .Joseph 
K_OI 37. 1817 85.0570 Kentucky Adair M_255 42.3000 83.6980 Michigan Wa.,;;htenaw 
K_02 36.7492 83.6629 Kentucky Bell 
K_03 39.0652 84.6860 Kentucky Boone Well ID Lat.(0 N) Long. (0 W) State County 
K_04 38.2972 82.762 1 Kentucky Boyd MW_OI 35.8480 98.2880 Oklahoma Blaine 
K_05 38.3467 82.6885 Kentucky Boyd MW_02 34.1290 96.3970 Oklahoma Bryan 
K_06 38.3382 82.6559 Kentucky Boyd MW_03 34.2240 97.4970 Oklahoma Carter 
K_07 37.5365 83.2904 Kentucky Breathitt MW_04 34.5120 96.3530 Oklahoma Coal 
K_08 37.2264 87.9367 Kentucky Caldwell MW_05 34.6590 98.3240 Oklahoma Comanche 
K_09 36.6490 88.3729 Kentucky Calloway MW_06 35.8730 96.5370 Oklahoma Creek 
K_ IO 38.9203 84.4f00 Kentucky Campbell MW_07 36.2220 97.6060 Oklahoma Garfield 
K II 38.3277 83. 1222 Kentucky Carter MW_08 34.51 20 97.2940 Oklahoma Ga1vin 
-
K 12 
-
38.2933 83.11 14 Kentucky Carter MW_09 34.7440 97.4260 Oklahoma Ga1vin 
K 13 38.2900 82.8000 Kentucky · Carter 
-
------c, 
MW 10 35.1110 94.9420 Oklahoma Haskell OH_03 38.8260 83.2927 Ohio Jefferson 
-
MW 
-
ll 35.1480 94.8790 Oklahoma Leflore OH_04 41.7081 80.8236 Ohio Morgan 
MW 12 35.8720 96.70lll Oklahoma 
-
Lincoln OH_05 41.7565 80.6102 Ohio Pierpoint 
MW_ 13 35.7720 97.6090 Oklahoma Logan OH_06 41.6991 80.9372 Ohio Trumbull 
MW 
-
14 34.4270 97.2640 Oklahoma Muffay OH_07 40.3235 82.0025 Ohio Jefferson 
MW _ 15 35.4490 95.!060 Oklahoma Muskogec OH_08 40.0366 81.7197 Ohio Adams 
MW 16 36.2050 97.4240 Oklahoma Noble OH_ IO 41.0647 82.3867 Ohio Starr 
-
MW _ 17 35.4 lllO 97.4480 Oklahoma Oklahoma OH_ 12 40.2330 82.7153 Ohio Hartford 
MW 18 34.56!0 96.5290 Oklahoma 
-
Pontotoc OH_l3 39.6108 8 l.3473 Ohio Elk 
MW 19 3.5.0610 96.8120 Oklahoma Pouawatomie 
-
OH_ 14 38.592 l 82.8215 Ohio Green 
MW_20 35.2070 96.6570 Oklahoma Seminole OH_ l.5 41.1684 81.5333 Ohio Northamr,ton 
MW_21 34.8980 97.1940 Oklahoma OH_ l6 41.3079 8 l.3971 Ohio Twinshurg 
MW_22 34.7780 95.0060 Oklahoma Beaver OH 17 40.1931 8 l.8523 Ohio Franklin 
-
MW_23 36. 1000 97.7060 Oklahoma Kingfisher OH_ l8 40.3693 8 1.8336 Ohio Kcene 
MW_24 35.8400 100.8000 Texas Robe1ts OH_ l9 39.3863 83.311 3 Ohio Buckskin 
MW_25 3.5.2300 94.3500 Arkansas Sebastian OH_20 38.9879 83 .2426 Ohio Rarden 
MW_26 3.5.5700 93.4300 Arkansas Johnson OH_21 39.0085 82.6385 Ohio Franklim 
MW_27 36.0500 93.8000 Arkansas Madison OH_22 38.9658 82.5929 Ohio Franklin 
MW_28 39.9500 101.1100 Kansas OH_23 38.9447 82.6702 Ohio Franklin 
MW_29 39.7300 96.6200 Kansas OH_24 39.53 IO 82.9623 Ohio Pickaway 
MW_30 39.2600 96.4900 Kansas OH_25 39.4319 83.3026 Ohio Concord 
MW_3l 38.8800 96.9 IOO Kansas OH_26 40.4846 81.9939 Ohio Killhuck 
MW_32 38.9500 99.6700 Kansas OH_27 41.6170 80.7785 Ohio New Lyme 
MW_33 38.2200 99.6900 Kansa,; OH_28 4 l.7525 80.7076 Ohio Denmark 
MW_34 37.4800 101.0300 Kansm; OH_29 4 l.9079 80.7323 Ohio Ashtahula 
MW_35 37.0200 100.8000 Kansa,; Seward OH_30 38.8759 82.7434 Ohio Hamilton 
MW_36 39.5700 98.5400 Kansa'i Smith OH_34 38.7309 82.4843 Ohio Symmes 
MW_37 39.9500 98.0500 Kansa'i Jewell OH_38 40.7861 80.8702 Ohio Hanover 
MW_38 39.8500 97.3700 Kansas Republic OH_40 41.6038 80.7886 Ohio New Lyme 
MW_39 37.4400 97.0900 Kansas OH_48 40.15.59 82.32 15 Ohio Mary Ann 
MW_40 37.0500 96.0000 Kansas OH_49 40. 1393 82.2144 Ohio Pe!Ty 
MW_4l 37.3700 95.2900 Kansas OH_.51 40.1210 8 1.9560 Ohio Madison 
MW_42 39.6 lOO 95.8200 Kansas OH_52 39.7182 82.3013 Ohio Jackson 
MW_43 39.5900 95.9800 Kansas OH_56 41.0353 81.0696 Ohio Dccrsficld 
MW_44 39.4500 96.5200 Kansas OH_60 40.8604 8 l.9055 Ohio Wayne 
MW_45 39.4400 96.0700 Kansas OH_61 40.3260 82.5646 Ohio Milford 
MW_46 39.4 lOO 9.5.5500 Kansa,; OH_62 41.2290 8 l.7024 Ohio Hinckley 
MW_47 40.0600 97.0400 Nebraska OH_63 41.0400 82.1668 Ohio Homer 
MW_48 40.0800 95.5300 Nebraska OH_64 40.9319 81.7201 Ohio Chippewa 
MW_49 40.3800 96.2100 Nebraska 
MW_50 40.3600 98.0700 Nebra.,;,ka Well ID Lat. (°N) Long. ('W) State County 
MW_.51 40.7700 96.8200 Nebra.'ika PN_Ol 41.7500 80.2500 Pennsylvania 
MW_52 41.1080 97.6430 Nebraska PN_02 42.0830 80.0000 Pennsylvania 
MW_53 4 1.2160 96.5000 Nebraska PN_03 42.0000 80.0000 Pennsylvania 
MW_54 41.2840 98.0320 Nebraska PN_04 41.9580 79.9580 Pennsylvania 
MW_5.5 4 l.3240 97.1430 Nebraska PN_05 41.4170 80.1670 Pennsylvania 
MW_56 4 l.3270 96.4320 Nebraska PN_06 41.5000 80.2050 Pennsylvania 
MW_57 41.7 160 96.7240 Nebraska 
MW_.58 41.8650 98.1380 Nebraska TN_Ol 83.7950 36.1400 Tennessee 
MW_.59 42.09.50 97.9700 Nebraska 
MW_60 40.0400 9.5.7700 Nebraska WV_OI 38.9170 8 l.0830 West Virginia 
MW_61 40.0500 95.5600 Nebraska WV_02 38.7500 81.5380 West Virginia 
MW_62 40.4100 95.91ll0 Nebraska WV_03 38.2500 81.9 170 West Virginia 
MW_63 40.4800 95.9500 Nebraska WV_04 38.6250 82.0830 West Virginia 
MW_64 41.0220 97.5710 Nebraska WV_05 37.9 170 82.1670 West Virginia 
MW_65 40.8300 96.9900 Nebraska WV_06 38.2.500 82.5000 West Virginia 
MW_66 40.7000 9.5 .5180 Nebraska WV_07 39.0830 8 1.5000 West Virginia 
MW_68 40.6700 95.1730 Iowa wv_o8 38.9300 81.98()() West Virginia 
MW_69 40.8700 95.3500 Iowa WV_09 38.7500 82.05 lO West Virginia 
MW_70 40.9600 95.4130 Iowa 
MW_71 40.9600 95.5730 Iowa 
MW_72 40.9500 95.5750 Iowa 
MW_73 40.9500 95.5430 Iowa 
MW_74 42.0600 94.8170 Iowa 
MW_75 42.8300 96.1250 Iowa 
MW_76 40.7 100 ·95_5880 Iowa 
MW_77 40.7000 95.1500 Iowa 
MW_78 40.8200 95.8250 Iowa 
MW_79 43.3600 91.3650 Iowa 
MW_80 38.6670 94.5680 Missouri 
MW_8l 39.0730 94.1410 Missouri 
MW_82 39.4240 94.8970 Missomi 
MW_83 40.0980 94.79 10 Missouri 
MW_84 40.2130 92.3450 Missouri 
MW_85 40.2180 94.7670 Missouri 
MW_86 40.2730 95.3980 Missouri 
MW_87 40.2.560 95.3840 Missouri 
MW_88 40.3870 95.2650 Missouri 
MW_89 36.7690 93.1110 Missouri 
MW_90 37.0 190 92.6220 Missomi 
MW_91 37.45 lO 92.0890 Missomi 
MW_92 40.4 110 9.5.2580 Missou1i 
MW_93 37.9490 91.7910 Missouri 
MW_94 37.9550 90.7890 Missouri 
MW_95 39.1360 91.6470 Missouri 
MW_96 38.9000 90.8960 Missouri 
MW_97 40.3 180 95.2430 Missouri 
MW_98 40.5640 95.2560 Missouri 
Well ID Lat. (' N) Long. (' W) State County 
NY_OI 42.0420 78.5420 New York 
NY_02 42.4 170 75.0000 New York 
NY_03 42.2500 74.9 170 New York 
NY_04 43.1250 78.2920 New York 
NY_06 42.7080 77.8750 New York 
NY_07 46.6670 77.7500 New York 
NY_14 42.4170 77.4580 New York 
NY 15 43.1670 77.0420 New York 
-
Well ID Lat. (' N) Long. (°W) State County 
OH_OI 39.0485 83.3609 Ohio Franklin 
OH_02 38.7814 83.3342 Ohio Jefferson 
Appendix 3 IN_24 36.9 1.059 52 1.9 485.0 IN_25 22.0 1.050 521.8 499.8 
IN_26 14.9 1.066 5 14.9 SOO. I 
Modelled stretching factors and duration of IN_27 22.3 1.036 516.8 494.5 
rifting. 
IN_28 14.8 I.OSI 521.9 507.1 
IN_29 14.9 1.092 521.9 507.0 
IN_30 2 1.0 1.11 8 52 1.9 500.9 
Well Duration Beta TBeg TEnd IN_31 14.8 
1.062 516.9 502. 1 
m_07 14.6 1.023 5 10.8 496.2 IN_32 22.0 1.048 
52 1.8 499.8 
m_ l2 1 13.4 1.049 5 14.4 501.0 IN_33 14.9 1.098 
52 1.9 507.1 
m_ l39 14.8 1.045 521.9 507. 1 IN_34 14.9 1.092 521.9 
507. 1 
m_ J52 21.2 1.070 521.9 500.7 IN_35 14.9 1.091 521.9 
507.1 
m_ l 8 1 22. 1 1.055 52 1.9 499.8 IN_38 40.0 1.057 52 1.8 
481.8 
m_20 18.5 1.062 521.9 503.4 IN_39 14.7 1.020 514.7 500.
0 
m_2 16 14.8 1.063 521.9 507.J IN_40 21.9 1.054 52 1.9 500.0 
m_22 1 14.7 1.029 5 14.3 499.6 IN_42 22.0 1.096 521.9 500.0
 
m_238 12.0 1.004 5 13.0 501.0 IN_43 19.7 1.066 521.8 
502.1 
m_239 23.8 1.082 5 13.5 489.7 
K_O I 14.9 1.098 527.9 5 13. J 
m_240 14.5 1.02] 514.2 499.7 K_02 14.9 1.078 527.9 5 13. 1 
m_241 14.8 1.065 521.9 507. 1 
K_03 14.8 1.044 532.9 518. 1 
m_27 14.9 1.122 522.0 507.0 
K_04 14.9 1.095 527.9 513. 1 
m_29 2 1.5 1.084 52 1.9 500.4 
K_05 14.7 1.04 ] 527.9 513.1 
m_3 1 14.9 1.075 521.9 507.1 K_06 14.9 
1.110 532.9 518.1 
m_32 20.7 1.064 521.9 501.2 
K_07 14.9 1.1 42 536.0 521.0 
m_43 21.5 1.046 521.9 500.4 
K_08 19.9 1.221 5 18.6 498.7 
m_45 16.9 1.110 521.9 505.0 
K_09 19.7 1.047 514.3 494.6 
m_46 20.4 1.040 521.9 501.5 
K_IO 14.7 1.035 532.8 518.1 
m_SI 14.7 1.028 510.8 496. J 
K_II 14.7 1.035 527.8 5 13.1 
m_69 14.5 1.022 510.7 496.2 
K_ l2 14.7 1.036 527.8 513.1 
m_74 21.4 1.090 521.9 500.5 
K_J3 14.8 1.064 527.9 5 13. J 
m_80 14.9 1.069 521.9 507.0 
K_ l4 14.7 1.034 532.8 5 18. 1 
m_93 24.4 1.048 521.7 497.3 
K_IS 14.9 1.1 4 1 533.0 5 18.0 
K_ l6 14.9 1.070 535.9 521.0 
Well Duration Beta TBeg TEnd 
K_17 14.7 1.03] 527.8 5 13. 1 
iU 19.8 I.I 19 52 1.9 502.1 
K_l8 21.9 I.OSI 535.9 514.0 
il_2 19.5 1.034 519.7 500.2 
K_l9 14.7 1.033 527.8 513. 1 
il_3 17.7 1.094 516.7 499.0 
K_20 15.0 1.1 70 536.0 521.0 
il_4 19.8 1.084 521.9 502.1 
K_21 22.4 1.243 536.0 5 13.6 
iU 19.9 I.I 19 5 16.9 497.1 
K_22 21.4 1.085 535.9 5 14.6 
il_6 14.9 1.142 5 17.0 502.0 
K_25 14.9 1.1 42 528.0 5 13.0 
il_7 14.9 1.104 52 1.9 507.0 
K_26 14.9 1.078 532.9 518. 1 
il_8 14.9 1.088 521.9 507.J 
K_27 14.9 1.104 527.9 513.0 
il_9 14.8 1.050 521.9 507. 1 
K_28 14.6 1.024 527.8 5 13.2 
il_lO 16.8 1.078 517.8 501.0 
K_29 19.8 1.1 33 532.9 5 13. 1 
il_l l 14.9 1.086 521.9 507.1 
K_30 19.9 1.226 536.0 516.0 
il_l2 14.9 1.104 516.9 502.0 
K_33 19.9 1.1 84 527.9 508.J 
il_13 22.4 1.110 516.9 494.5 
K_35 19.8 1.1 42 535.9 5 16. 1 
il_14 14.8 1.038 516.9 502.1 K_36 
14.7 1.030 532.8 518.1 
il_lS 26.9 1.098 521.9 495.0 
K_37 14.8 1.034 532.8 518.1 
il_ 17 14.6 1.027 521.8 507.2 
K_38 14.7 1.037 527.8 513.1 
iU 8 11.9 1.041 516.9 505.0 
K_39 14.9 1.075 532.9 5 18. 1 
il_ 19 14.9 1.117 521.9 507.0 
K_40 14.9 I.Ill 527.9 513.0 
il_20 14.9 1.107 52 1.9 507.0 
K_4 1 18.3 1.045 5 14.4 496.0 
il_21 14.9 1.090 52 1.9 507.0 
K_42 14.8 1.029 532.8 5 18.0 
il_22 14.9 1.1 33 522.0 507.0 
K_43 36.2 1.026 504.5 468.3 
il_23 14.7 1.034 521.8 507.1 
K_44 14.9 1.084 532.9 518. 1 
il_24 30.8 1.140 522.0 491.2 
K_45 14.8 1.069 532.9 5 18. 1 
il_25 14.9 1.132 522.0 507.0 
K_46 14.8 1.046 527.9 5 13. 1 
il_26 14.9 1.103 521.9 507.0 
K_47 20.9 1.054 535.9 5 15.0 
il_27 14.8 1.034 517.8 503.0 
K_48 22.3 1.096 535.9 513.7 
il_28 14.9 1.090 521.9 507.0 
K_49 14.8 1.074 532.9 5 18. 1 
il_29 14.9 1.094 521.9 507.J 
K_SO 14.8 1.055 527.9 513.1 
K_53 14.9 1.088 527.9 513. 1 
Well Duration Beta TBeg TEnd 
K_54 14.9 1.088 532.9 518.1 
IN_OI 14.8 1.054 521.9 507.1 
K_55 14.9 1.132 533.0 518.0 
IN_02 14.8 1.05] 52 1.9 507.1 K_56 14.8 1.027 532.8 
518.0 
IN_03 19.8 1.069 516.8 497.0 
K_57 31.6 1.035 532.8 501.2 
IN_04 44.9 1.064 516.9 472.0 
K_58 14.7 1.026 532.8 518.0 
IN_05 22.4 1.085 517.9 495.5 
K_59 12.2 1.066 513.2 501.0 
IN_06 22.4 1.072 5 16.9 494.5 
k_60 14.9 1.151 522.0 507.0 
IN_07 29.8 1.044 5 16.8 487 .0 
k_61 14.9 1.1 40 518.0 503.0 
IN_08 14.8 1.041 5 17.9 503.0 
K_62 15.0 1.284 · 533.0 518.0 
IN_09 19.9 1.122 517.9 498.0 
IN_ ll 14.9 1.062 521.9 507. 1 
Well Duration Beta TBeg TEnd 
IN_ l2 22.1 1.072 521.9 499.7 
NY_OI 26.6 1.079 525.9 499.3 
IN_J3 22.2 1.061 521.8 499.6 
NY_02 · 31.2 1.029 521.7 490.5 
IN_l4 38.9 1.054 521.8 483.0 
NY_03 28.5 1.046 525.8 497.3 
IN_IS 37.4 1.059 521.9 484.5 
NY_04 13.3 1.004 5 12.8 499.5 
IN_l6 37.4 1.062 521.9 484.5 
NY_06 14.5 1.019 525.7 511.2 
IN_17 14.9 1.083 521.9 507.1 
NY_07 14.3 1.015 521.6 507.3 
fN_l8 14.9 1.061 516.9 502.0 
NY_l4 14.8 1.031 525.8 511.0 
IN_19 20.3 1.022 516.7 496.4 
NY_ l5 14.0 1.008 525.3 511.3 
IN_20 22.3 1.091 52 1.9 499.6 
OH_OI 14.7 1.039 521.9 507.1 
IN_21 22.2 1.066 521.9 499.7 
OH_02 14.5 1.022 521 .7 507.2 
IN_22 14.9 1.072 521.9 507.1 
OH_03 14.7 l.027 521.8 507.1 
IN_23 14.8 1.072 521.9 507.1 OH_04 
14.5 1.023 521.8 507.2 
OH_OS 14.5 1.024 521.8 507.2 
OH_06 14.5 1.022 52 1.7 507.2 WL_05 22.5 1.047 468.3 445.7 
OH_07 14.6 1.027 52 1 .8 507.2 WL_07 19.5 1.024 463.5 444.0 
OH_08 14.6 1.032 521.8 507.2 WL_08 I 1.7 1.014 450.7 439.0 
OH_IO 14.7 1.028 521.8 507.1 WL_09 23.3 1.053 468.3 445 .0 
OH_ l2 19.3 1.027 52 1.6 502.3 WL_IO 39.1 1.042 463.4 424.4 
OH_ l3 14.8 1.043 52 1.9 507. 1 WL_l2 20.3 1.036 468.3 448.0 
OH_l5 14.6 1.030 52 1.8 507.2 WL_J3 26.4 1.040 469.J 442.7 
OH_l6 14.6 1.029 521.8 507.2 WL_15 28.4 1.037 477.0 448.6 
OH_l7 I 9.4 1.03 1 521.7 502.3 WL_l8 38.4 1.027 463.3 424.8 
OH_ l8 14.6 1.030 52 1.8 507.2 WL_J9 29. 1 1.032 463.3 434.3 
OH_ l9 14.7 1.033 521.8 507. 1 WL_20 19.6 1.040 468.3 448.7 
OH_49 14.7 1.037 521.8 507.1 WL_21 28.3 1.03) 470.8 442.5 
OH_2 1 14.7 1.033 521.8 507.1 WL_24 39.1 "J.041 463 .3 424.2 
OH_23 14.7 1.036 521.8 507.1 WLe-25 19.6 1.031 468.3 448.7 
OH_24 14.7 1.030 521.8 507.2 WL_26 35.6 I.I I 5 467.6 432.0 
OH_25 14.7 1.032 521.8 507.1 WL_27 39.1 1.067 467.3 428.2 
OH_26 14.6 l.027 521.8 507.2 WL_28 38.9 1.1 33 462.9 424.0 
OH_29 14.5 1.020 52 1.7 507.3 WL_29 37. 1 1.033 468.0 430.9 
OH_28 14.5 1.023 52 1.8 507.2 WL_30 27.6 1.019 461.7 434. 1 
OH_29 19. 1 1.023 52 1.6 502.4 WL_32 28.5 1.048 467.7 439.3 
OH_30 14.6 1.029 5 17.8 503.2 WL_37 29.0 1.052 467.8 438.8 
OH_34 14.7 1.035 52 1.8 507.1 WL_38 151.8 1.136 467.9 316.J 
OH_38 14.7 1.033 517.8 503.2 WL_39 37.9 1.033 462.7 424.8 
OH_40 14.6 1.026 52 1.8 507.2 WL_41 48.3 I .055 467.8 419.5 
OH_48 14.6 1.027 52 1.8 507.2 WL_52 9.8 1.01 8 469.8 460.0 
OH_49 14.7 1.037 521.8 507.1 WL_53 22.8 1.009 482.8 460.0 
OH_51 I 9.4 I .035 521.7 502.3 WL_54 16.2 1.029 468.2 452.0 
OH_52 14.7 1.03 1 521.8 507.2 WL_55 16.9 1.036 468.3 45 1 .4 
OH_56 19.4 1.035 521.7 502.3 WL_56 17.5 1.034 468.3 450.7 
OH_60 14.6 1.027 521.8 507.2 WL_57 19.6 1.035 468.3 448.6 
OH_61 14.6 1.025 521.8 507.2 WL_58 19.2 1.022 463.4 444.3 
OH_62 14.5 1.02 1 521.7 507.2 WL_59 21.2 1.030 468.2 447.0 
OH_63 14.5 1.023 521.8 507.2 WL_60 15.6 1.029 468 .2 452.6 
OH_64 14.6 1.028 521.8 507.2 WL_61 17.4 1.031 468.2 450.8 
PN_OI 14.6 1.022 525.7 5 11.2 WL_62 16.6 1.032 468.3 451.6 
PN_02 14.3 1.01 5 525.6 511.3 WL_63 20.6 1.027 468.2 447.6 
PN_03 19.6 1.048 525.8 506.2 WL_64 19.6 1.026 468 .2 448.6 
PN_04 28.2 1.025 525.7 497.4 WL_65 19.6 1.044 468.4 448.8 
PN_05 17. 1 1.037 525.8 508.7 WL_66 19.6 1.045 468.4 448.7 
TN_OI 14.9 1.103 525.9 5 11.0 WL_67 19.7 1.045 468.4 448.6 
WV_OI 27.2 1.217 521.9 494.8 WL_69 2 1.2 1.031 468.2 447.0 
WV_02 14.9 1.206 526.0 511.0 WL_70 22.8 1.03 ) 468.2 445.4 
WV_04 14.9 1.094 527.9 513.J WL_71 17.9 1.009 462.7 444.8 
WV_05 17.1 1.026 504.6 487.5 WL_72 32.5 1.029 468.2 435 .7 
WV_06 10.0 1.206 522.0 5 12.0 WL_73 24.2 1.030 468.2 444.0 
WV_07 14.9 1.102 52 1.9 507.1 WL_74 23.4 1.027 468.2 444.8 
WV_08 14. 8 l.056 521.9 507.1 WL_75 19.5 1.027 468.2 448.8 
WV_09 14.7 1.039 521.9 507.1 WL_76 34.8 1.032 468.2 433.4 
WL_77 19.3 1.020 467.9 448 .6 
Well Duration Beta TBeg TEnd WL_78 25. 1 1.026 468.2 443 .1 
MW_O I 16.0 1.082 5 15.0 499.0 WL_80 27.1 1.027 469.2 442.1 
MW_02 20.0 1.142 515.0 495.0 WL_81 27.6 1.03 ) 468.2 440.6 
MW_03 36.0 1.1 65 5 15.0 479.0 WL_82 35.2 1.027 468.5 433.3 
MW_04 13.0 I.I 12 5 15.0 502.0 WL_92 19.5 1.03 1 468.3 448.8 
MW_05 12.5 I. 138 507.5 495.0 WL_93 23 .3 1.032 468.3 445.0 
MW_06 35.0 1.014 5 15.0 480.0 WL_94 19.6 1.026 468.2 448.6 
MW_07 38.7 1.057 514.9 476.3 WL_95 19.7 1.034 468.3 448.6 
MW_08 25.0 1.1 60 5 15.0 490.0 WL_96 19.5 1.022 468. 1 448.7 
MW_09 33.4 1.048 515.0 48l.6 WL_97 22.9 1.034 468.3 445 .4 
MW_IO 32. 1 1.061 5 13.0 480.8 WL_ J04 18.5 1.009 467.4 449.0 
MW_II 22.4 1.078 5 14.9 492.5 WL_ I07 23.4 I.OJ I 467.6 444.2 
MW_ J2 29.0 1.053 514.9 485.9 WL_Jl3 15.9 1.004 461.7 445 .9 
MW_ l4 35.0 1. 196 5 15.0 480.0 WL_ 114 17. 1 1.007 462.4 445.3 
MW_ l5 45. 1 1.057 5 15.0 469.9 WL_ Jl5 33.3 I.OJ I 467 .2 433.9 
MW_l6 53.8 1.060 5 14.9 46-1. I WL_117 24.8 I.OJ I 467.5 442.7 
MW_ l7 34.4 1.079 5 14.9 480.5 WL_J J8 24.6 I.OJ I 467.5 442.9 
MW_ l8 33.9 1.040 515.0 481.1 WL_ l19. 19.6 1.010 462.8 443.2 
MW_l9 32.9 1.089 5 15.0 482.1 WL_l20 21.3 I.OJ I 462.9 441.6 
MW_20 33.3 1.080 5 14.9 481.7 WL_ l 2 1 22.7 1.010 462.8 440.1 
MW_21 27.2 1.203 5 15.0 487.8 WL_ l22 22.5 1.010 462.8 440.3 
MW_23 33.0 1.065 5 14.9 481.9 WL_ l25 18.9 1.029 516.6 497.8 
MW_24 39.4 1.063 5 15.0 475.6 WL_l26 23.4 1.042 516.8 493.4 
MW_25 35.6 1.078 514.9 479.4 WL_l27 45.3 1.034 468.2 422.8 
MW_26 28.9 1.066 516.9 488.0 WL_ l29 29.2 1.02 1 468.5 439.3 
MW_27 29.5 1.034 516.7 487 .2 WL_ l30 3 1.6 1.0 14 470.8 439.2 
MW_79 14.8 1.043 517.0 502.2 WL_l32 28.3 1.016 366.5 338.2 
MW_84 19.5 1.037 516.9 497.5 
'VIW_89 10.0 1.032 517.0 507.0 
'VIW_90 10.0 1.032 5 17.0 507.0 
'VJW_93 15.0 1.043 5 17.0 502.0 
'VJW_94 4.9 1.014 516.9 5 12.0 
'VIW_95 10.0 1.037 517.0 507.0 
'VIW_96 10.0 1.047 517.0 507.0 
Well Duration Beta T Beg TEnd 
WL_O I 46.6 1.039 468.3 421.7 
WL_03 17.3 1.039 468.3 451.0 
50°N 
130°w 120°w 110°w 100°w 
Figure 1.6: Free air 1..,rravity anomaly map ofNorth America. Contour interval= 20 mgal. Red contours indicate positive 
anomalies and blue contours indicate negative anomalies. The green contour = 0 mgals. Features to note include the 
positive anomalies associated with the Tobosa Basin (103°W, 33°N), the Oklahoma Aulocogen (100°W, 35°N) and the 
Michigan Basin (85°W, 45°N). Note also the large area of negative anomalies over the Canadian Shield and Hudson Bay 
(70-100°W, 50-65°N). Map generated by Dan McKenzie. 
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Figure 1. 7: Regional geological map of the eastern interior of the United States (redrawn from King, 1969). 
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Figure 1.8: Basins and arches of the eastern interior of the United States. Dashed lines indicate main geological 
boundaries, as indicated on Figure 1.7 (based on King, 1969 and Buschbach & Kolata, 1991). 
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Abstract 
Subsurface mapping of the southern Welsh Borderland has utilised over 600 km of seismic 
data and 3 exploration boreholes to investigate the sub-surpce of this classic geological area. 
The survey reveals two Silurian basins, each about 400 km in area, in the western part of the 
Midland Platform. 
The Woolhope Basin underlies the Silurian inlier of the Woolhope Anticline. The basin fill is 
bounded to the northwest by faults of the Neath Disturbance, and was also influenced by 
WNW-striking extensional growth faults. The fill thins eastward towards the Malvern Line. 
Lower Silurian sequences thin southward before thickening again, particularly across WNW-
striking faults. The resulting Usk Basin, underlying the Usk Inlier, has ill-defined margins, 
but some additional N-S fault control. 
The Fownhope-1 and Usk-1 wells indicate that rapid subsidence occurred in both basins 
during Rhuddanian and Aeronian (Early to Mid-Llandovery) time. Modelling of this 
subsidence, assuming the finite duration lithospheric extension model, yields stretching 
factors of between 1.3 and 1.6. The later part of the fill to both basins is marine, but red 
conglomerates, sandstones and mudstones in their Early Llandovery intervals suggest 
continental flu vial environments in the initial stages of basin development. 
The Woolhope and Usk Basins show that the western sector of the Midland Platform rifted 
during Early to Mid-Llandovery time, perhaps during regional dextral transtension. The 
rifting is synchronous with, and perhaps genetically related to, an episode of mafic volcanism 
in the southwest part of the platform .. However, this rifting apparently predates the Late 
Llandovery (Telychian) fault-controlled subsidence seen in the Welsh Basin to the northwest. 
Keywords: Basins, Llandovery, Silurian, Midland Platform, Rifts 
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The Early Palaeozoic geology of Wales and its 
Borderland has usually been described on a 
template of three palaeogeographic areas: the 
Welsh Basin, flanked to the northwest by the 
Irish Sea Platform and to the southeast by the 
Midland Platform (Fig. 1 inset). The basin was 
an area of more persistent crustal subsidence, 
thicker and deeper-marine sediments and , during 
Ordovician time, of voluminous volcanism. The 
NE-striking faults of the Welsh Borderland Fault 
System mark a rapid southeastward transition to 
the thinner, laterally and spatially discontinuous 
sedimentary sequences of the Midland Platform. 
The platform reaches eastwards to a concealed 
NW-striking boundary with further Early 
Palaeozoic basinal and volcanic terranes beneath 
eastern England (Pharaoh et al. 1987; Woodcock 
1991). To the south, it is overthrust by the Upper 
Palaeozoic rocks of the Variscan Orogen (Fig. 1 
inset). 
The Midland Platform (or Midlands 
Microcraton, Pharaoh et al. 1987) has been 
regarded as the stable . core of the Eastern 
A valonia continent. During Early Palaeozoic 
time it apparently comprised normal thickness 
continental crust, assembled and stabilised during 
the A valonian events of the Late Proterozoic 
(reviewed by Pharaoh & Gibbons 1994). It is 
presumed to have been spared the tectonic 
excitement of the surrounding basins; the 
extensional basin-forming events of the 
Cambrian to Silurian, the arc-related volcanism 
of the Ordovician, and the compressional 
deformation of the Acadian (Late Caledonian) 
orogeny. 
Recent discoveries have cast doubt on the 
unblemished stability of the Midland Platfo7h1. Smith & Rushton (1993) have documented small 
Cambrian to Ordovician rift basins on the 
platform edge and a Tremadoc (Early 
Ordovician) basin beneath the N-S Worcester 
Graben. Thorpe et al. (1993) and Pharaoh et al. 
(1993) have described · Late Ordovician 
lamprophyre intrusions in the northern half of the 
platform, consistent with limited extension and 
lithospheric melting beneath it. More plentiful 
Early Silurian volcanics, preserved on the 
southern half of the platform, have been ascribed 
to extensional tectonics related to lhe Rheic 
ocean to its south (Pharaoh etal. 1991). 
This study focuses on the western triangle of 
the platform, west of the N-S Malvern Line (Fig. 
1 inset). In this area, shallow-marine Silurian 
rocks are exposed in inliers through a 
subhorizontal blanket of marginal marine to 
continental sequences of Pridoli to Early 
Devonian age. Facies patterns and 1sopachs 
reveal a persistent shoal zone along the inboard 
edge of the Welsh Borderland Fault System, and 
suggest an area of greater subsidence behind it as 
far as the Malvern Line (Holland & Lawson 
1963; Bridges 1975). This subdued basin 
accumulated modestly enhanced thicknesses of 
Wenlock and Ludlow (Mid-Silurian) · shallow 
marine sediment (Holland & Lawson 1963) and 
its Llandovery (Early Silurian) manifestation has 
been tentatively labelled an intra-shelf basin 
(Bassett et al. 1992, p.41). 
In this paper, we employ subsurface 
mapping to document two sub-basins, named the 
Woolhope and Usk Basins, in this western 
triangle of the Midland Platform. The basins 
show substantial Early Silurian (Llandovery) 
extensional subsidence followed by later Silurian 
thermal sag. The basins attest to the instability of 
this part of the Silurian platform, and provide 
clues to its role in contemporary regional 
tectonics. 
The Woolhope and Usk Basins illustrate the 
danger inherent in assuming the stability of 
cratonic platforms. Even in the historically well-
documented area of the Welsh Borderland, two 
rift basins are barely recognisable in surface 
outcrops of sequences deposited only 20 My 
after cessation of active faulting. The results of 
this study urge caution on the assumption of 
long-term stability for platforms elsewhere, 
particularly those which core microcontinental 
fragments. 
Exploration history 
Data used in this study were acquired as part of a 
programme of hydrocarbon exploration in the 
Welsh Borderland. Gas prospectivity along the 
border of the Midland Platform has been 
recognised for some time, with the identification 
of a potential source in shales of Late Cambrian 
age. Reservoir intervals of Cambrian or Silurian 
age were sought in structural traps ascribed to the 
Variscan deformation (Late Carboniferous to 
Early Permian). 
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Figure I: Location of seismic lines and exploration boreholes within licenc~s EXL 's 080, 158 and 187. . 
Inset shows block locations in relation to main tectonic structures of the Midland Platform and Welsh Basin. 
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Table 1 
Usk- 1 Fownhopc-1 Collington- I 
Horizon Depth lWT Velocity (ft/sec) Depth DVT Velocity (ft/sec) Depth lWT Veloci ty (ft/sec) 
(feet) (sees) interval avcracc (feet) (sees) interval avcral!c (feet) (sees) interval 
Top Ludlow -2.160 0.320 13.500 
average 
-1.439 0.225 13.111 
15.300 15.555 
Top Much Wcnlock Limestone -3. 101 0.443 14.(KJ() 
-2.599 (U69 14.087 
15.623 15.205 
Top Woolhopc Li1m.:s tonc -4.343 0.602 14.429 350 
-3,899 0.540 14.44 1 
17.354 15.625 
Nc.tr Top Acronian -6.009 0.794 15.136 -6 10 0. 122 10.000 -4.949 0.718 13.786 
15.440 13.724 
Near Top Rhud<lani:111 -9 .. 144 1.226 15.243 - 1.953 0.318 12,283 
Oasc Siluiian (Top Trcmadoc) 
-3.248 0.485 
15.509 
13.394 
Top C.11nhli:rn 
15.326 
-5.453 0.773 14.!09 
Top Prccamh1i.Jn 
-5.895 0.832 
14.983 
14.171 
TD -9.920 1.280 -6.101 0.853 
19.524 
14.302 -5.242 C 0.755 
Table 1. Depth-time correlations and interval velocities in the Usk, Fownhope and Collington wells. 
Exploration was first carried out in the area 
by Safari Oil Ltd. In 1968 they drilled 
Collington-I , 20km west of Worcester, on an 
anticlinal structure above a NW-striking reverse 
fault (Department of Energy 1978). This was 
plugged and abandoned, and exploration activity 
declined until the 1980s, when the Early 
Palaeozoic gas play was reinvestigated by 
Sovereign Oil and Gas pie .. Between 1986 and 
1989, Sovereign, on behalf of a consortium of 
companies, was awarded three exploration 
licences (EXLs 080, 158 and 187). Some 607 km 
of seismic data were acquired (Fig. I) and two 
further wells were drilled; Usk-1 (1988-9, 
Department of Trade and Industry 1995) and 
Fownhope-1 (1992). Both wells were abandoned 
with gas shows. Although the gas potential of the 
Late Cambrian shales was proved, in neither hole 
was a reservoir interval encountered with more 
than 2% porosity. The seismic survey identified 
two further structural highs with closure, but 
these were not drilled owing to the likely 
inadequacy of the reservoirs. Sovereign 
relinquished the licences in 1992 and no further 
exploration has been undertaken. All the seismic 
data are now available through the Geophysical 
Records Library. 
Seismic mapping procedure 
The seismic data used in this study (Fig. I) were 
acquired by Sovereign in five vibroseis surveys 
between 1986 and 1992, along with part of a 
BOS line in the Malverns area (BOS line 84-01). 
The high quality seismic data have been 
interpreted using ties to the three wells at 
Collington, Fownhope and Usk, and to the 
surface outcrop, particularly in the inliers at 
Woolhope, Ledbury-Malvern, May Hill, 
Tortworth and Usk. 
The main horizons picked in the 
interpretation are li sted in Table 1 and shown in 
Fig. 2. The reflectors at the top_ of the Much 
Wenlock and Woolhope Limestones are strong 
and well dated. Those within the Llandovery are 
strong but less tightly dated (from acritarchs, 
Barron & Molyneux 1989a). The near-top-
Aeronian seismic marker followed is slightly 
diachronous, being coincident with the Top 
Aeronian in the Fownhope and Collington wells, 
but lying between 341 feet ( 104m) and 439 feet 
(134m) below the palynologically determined 
boundary in Usk (Fig. 2). The near-top-
Rhuddanian seismic marker is strong, but marks 
a lithological change and the exact 
biostratigraphic level of the boundary is unclear, 
as palynological control is poor and probably 
environmentally sensitive. The base Silurian 
reflector corresponds to the unconformity with 
the top of the Tremadoc (Early Ordovician) in 
the Fownhope well. It deteriorates southwards, 
and the age of the subjacent strata is unknown. 
An example seismic line from the dataset (Fig. 3) 
crossed the Woolhope Anticline and illustrates 
the high quality of acquisition. 
A structure map has been produced on the 
Woolhope Limestone (Fig. 4), together with 
isochron (two-way interval time) maps for the 
Aeronian interval (Fig. 6) and Rhuddanian plus 
Aeronian interval (Fig. 7). These maps have not 
been converted to depth and thickness maps. 
Velocity information is limited (Table 1) and 
significant uplifts have occurred in a number of 
areas. Consequently a simple depth conversion 
model would need to be applied and the resulting 
depth maps would be no more informative than 
the travel-time maps, yet would contain more 
significant errors. 
Structural geometry of the survey area 
The regional structure is well represented by a 
map of two-way time to the top of the Woolhope 
Limestone (Lower Wenlock). This map (Fig. 4) 
reveals faults in three main orientations striking 
approximately NW, N and NE, matching those 
suggested by the surface geology. However, 
these fault sets are each variably developed 
across the survey area. 
Block EXL 187 is characterised by a gentle 
dome cut by NW-SE normal and reverse faults 
with only minor displacements. The Collington- I 
well was drilled on a small hanging wall high 
above one of these reverse faults, the Collington 
Fault (Brandon 1989). Two ENE-striking fau lts 
(FI and F2) parallel the extrapolation of the 
major Swansea Valley Disturbance (Fig. I inset), 
mapped northeastward to within 20 km of this 
area by Weaver (1975). Fault F2 is close to, but 
not coincident with, the Ivington Fault chosen by 
Brandon (1989) as the surface continuation of the 
Swansea Valley line. To the east of Collington, 
the Woolhope Limestone and other reflectors are 
approximately fl at lying and unfaulted until steep 
(S:::>3S) lMl 
dips mark the Malvern Line, beyond which lie 
the Permo-Triassic sequences of the Worcester 
Graben. 
The Woolhope Limestone rises gently 
southwards into EXL 158, culminating in a small 
structural high beneath the Shucknall -Inlier, 
abutting the major ENE-striking Shucknall Fault 
(Squirrell & Tucker 1960; Brandon 1989). This 
fault is the northeasterly continuation of the 
Neath Disturbance, one of a set of Caledonoid 
(broadly NE-SW) faults that parallel the margin 
of the Welsh Basin (Figure l; Woodcock 1984a). 
The Woolhope Inlier dominates the central 
part of EXL 158. Its periclinal structure 
represents a hanging wall anticline above a major 
reversed fault , termed the Woolhope Fault (Fig. 
5), roughly coincident with the Western 
Boundary Fault mapped at outcrop by Squirrell 
& Tucker (1960). The Woolhope Fault has over 
500 metres of throw at Woolhope Limestone 
levels. A second pericline, the May Hill Inlier, 
occurs where the Woolhope Fault meets the 
Malvern Line at the western edge of the 
Worcester Graben (Lawson 1955). The 
Woolhope structure is broad to the northwest and 
narrows southeastward towards the May Hill 
Inlier. The Fownhope-1 well was drilled in the 
structurally highest part of the Woolhope 
Anticline and penetrated the Precambrian (Fig. 
3). 
In the southern part of EXL 158 the 
Woolhope Limestone is at a depth of about 2500 
m and shows gentle dips cut by NW-SE faults 
with small offsets. These faults increase in 
frequency into the north of EXL 080. The 
limestone rises to a culmination on the northern 
(footwall) side of one of these faults (l abelled F3 , 
Fig. 4), which has up to 300 ms (about 500 m) of 
throw. 
The southern and western part of the EXL 
080 is dominated by N-S striking faults . Faults of 
this set are seen at outcrop in the Silurian of the 
Usk Inlier (Walmsley 1959; Squirrell & Downing 
1969; Barclay 1989). Most of the faults mapped 
in the subsurface show net normal displacements, 
although some reversal is apparent, notably on 
the East Usk Line, which shows up to 350 ms 
TWT of offset in the Usk area. Using interval 
velocities from the Usk-1 well , this corresponds 
to a throw of 800m. Much less significant 
reversals are seen on a small number of other N-
S faults in this area. 
A large structural high is mapped out at the 
level of the Woolhope Limestone in the western 
part of EXL 080, beneath the Usk Inlier. This 
structure was identified by Sovereign, but was 
not drilled owing to the poor reservoir 
parameters encountered in the nearby Usk-1 well. 
Its western edge is bounded approximately by the 
Usk Line, which runs almost parallel to the East 
Usk Line but shows no reversal. Data quality to 
the west of the Usk Line deteriorates on most 
seismic lines. It is therefore difficult to observe 
structures in the Early 
reflectors dip beneath 
sequences of South Wales . 
Palaeozoic as the 
the Carboniferous 
Kinematic history in relation to regional 
geology 
The structural architecture of the Silurian in the 
southern Borderland potentially derives from two 
major orogenic events - the Acadian (Early to 
Mid-Devonian) and Variscan (Late 
Carboniferous to Early Permian) and 
interposed extensional episodes in the Early 
Carboniferous and Late Permian to Triassic. The 
absence of post-Acadian cover in the survey area 
makes local discrimination of these events 
problematic, and evidence must be sought from 
the surrounding region. Also important is the 
possible control on Acadian and later 
deformation by pre-formed basement structures. 
Published evidence on the kinematic history 
of the region is summarised in Table 2. The three 
main directional sets of structures are considered 
separately, and the history of the Malvern Line is 
distinguished from that of other N-S structures to 
the west. 
Published evidence of pre-Acadian (Silurian 
and earlier) activity on the relevant structures is 
inconclusive. Sub-Llandovery unconformities 
along and to the west of the Malverns suggest 
Ordovician or earlier uplift and tilting. Thickness 
variations in the Wenlock and Ludlow hint at 
intra-Silurian deformation. Seismic mapping 
evidence of intra-Llandovery growth across both 
NE and NW-striking structures forms a major 
part of the present work, to be discussed below. 
An Acadian (Mid-Devonian) age for reverse 
faulting along the Malvern Line may explain the 
erosional absence of Silurian and · Lower 
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Figure 4: Time structure map for the top of the Wool hope Limestone (murchisoni bi ozone, Lower Wenlock). 
Contours are two-way-travel-time (ms). Main Silurian inliers are marked. 
Devonian rocks to its east and the sub-Upper 
Devonian unconformity in the Tortworth Inlier. 
West of the Malverns, the Upper Devonian lies 
with only weak angular discordance on the 
Lower Devonian. Acadian activity is suggested 
only by thinning of the Brownstones (Lower 
Devonian), towards either the Usk Anticline or 
arguably towards the E-W Vale of Glamorgan 
Axis and NE-striking Severn Estuary Fault Zone. 
Evidence of Late Devonian and Early 
Carboniferous growth on NE, NW and N-striking 
structures comes from thickness and facies 
variations. In particular, the Usk Anticline and 
Woolhope Anticline were rising, the Forest of 
Dean Synclines (Fig. 4) were subsiding and the 
Neath Disturbance was suffering downthrows of 
variable polarity suggesting strike-slip 
displacement. The regional kinematics are 
speculative. East-west shortening has been 
invoked to explain the Usk and Woolhope 
Anticlines (Walmsley 1959; Squirrell & Tucker 
1960), perhaps as hanging-wall anticlines to the 
reverse East Usk Line and Woolhope Fault 
respectively (Fig. 4). East-west shortening would 
also explain proposed dextral displacements on 
the Neath and Severn Estuary lines. Regional 
dextral strike-s lip may even have been the 
predominant control (Wilson et al. 1988). 
By the Late Carboniferous, South Wales had 
become a foreland basin to the northward 
propagating Variscan thrust sheets (Kelling 
1988; Jones 1991). The Neath Disturbance acted 
as a reverse/sinistral-oblique faulted buttress to 
new E-W thrusts in the South Wales Coalfield. 
NW-SE faults first acted as strike-slip lateral 
ramps to these thrusts, then suffered normal 
displacement, perhaps connected with regional 
dextral transpression (Gayer & Nemcock 1994). 
This later Variscan episode is the most likely 
origin of the small normal offsets observed on 
NW and WNW-striking faults throughout the 
survey area (Fig. 4). The N-S structures of Usk 
and the Malverns continued to develop further, 
presumably above reverse faults, and the Forest 
of Dean tightened and subsided after brief 
Namurian inversion. 
Major post-Variscan (Permian and Triassic) 
displacements seem restricted to the Worcester 
Basin, bounded to its west by the normally 
reactivated East Malvern Fault. Tertiary 
displacements on the Neath line have . been 
hypothesised on the basis of offset of erosion 
surfaces (Owen 1974; Weaver 1975). 
In summary, published evidence suggests 
that most of the structures observed in the survey 
area can be explained by Carboniferous, broadly 
Variscan, tectonics. Acadian (Early and Mid-
Devonian) displacements probably occurred on 
the Neath, Malvern, Usk and Severn Estuary 
lines. An . earlier ancestry for these structures is 
probable, but the published evidence is 
circumstantial. We now focus on this pre-
Acadian history, first through isochron maps for 
selected Silurian intervals, and then through 
subsidence analysis of two of the exploration 
wells. 
Aeronian (Middle Llandovery) basin 
structure 
Inspection of the seismic profiles, together with 
subsidence analysis reported below, reveals 
anomalously thick sections of lower Llandovery 
(Rhuddanian and Aeronian) rocks. Isochron 
maps for these intervals chart the spatial pattern 
and structural control of this basin-forming event. 
The Aeronian (Middle Llandovery) isochron map 
represents the interval between the near-top 
Rhuddanian and near-top Aeronian markers (Fig. 
6). The fault pattern has been taken from the 
lower horizon. 
The Woolhope Basin 
The Aeronian interval has not been mapped north 
of the Neath Disturbance. Here the Rhuddanian 
(Lower Llandovery) is absent and the Aeronian 
becomes too thin to map accurately. Strong 
Aeronian growth across the Neath line is 
demonstrated by comparing the 1343 feet (409m) 
of interpreted Aeronian in the Fownhope-1 well 
with a probable 300 feet (89m) in the Collington-
1 well to the north. The Neath Disturbance marks 
the northwestern edge of the Woolhope Basin . 
The maximum Aeronian thickness mapped 
in the Woolhope area (using Fownhope-1 
velocity information) is 1842 feet (562m), about 
3.5 km northwest of Fownhope. A small amount 
of growth is recorded across the Woolhope Fault, 
indicating its involvement in Aeronian 
extensional tectonics. The structural growth 
across the Neath Disturbance and the Woolhope 
Fault is also evident from the interpreted seismic 
section (Fig. 5). 
Table 2 
Age 
Tria.c;;sic 
and 
Pennian 
Uue Carboniferous 
E!irly 
Carboni ferous 
and 
L...:ue Devonian 
Mid-Devonian 
and 
Elrly Devonian 
Silurian 
and olde r 
NE-SW structures (Neath 
Disrurbwiu ND and Severn 
E.<tuary Fault Zo11e SEFZ) and 
connected E-W structure (Vale 
o G/anwr ,a,1 Axis VGA) 
Wcstphalian thins to ND, NW-
up sinistral stri ke-slip 
suggested (Owen 197 1: 
Kell ing 1974 
NE-SW structures buttress 
developing E-W thrusts in 
South Wales coallidd (Jones 
1991) 
thickness :ind facies contrasts 
across ND suggest NW-up !ilip 
in Toum:iisian :ind SE-up in 
Visean (Owen 1971) 
dex1r.il s1rike-sl ip on ND 
(Owen 1974) and SEFZ 
(Wilson et al. 1988) 
late Dewmitm uk 011 VGA 
(Wilson et al. 1988\ 
uplift of SEFZ and VGA gives 
thinning of Early Devonian 
(Wilson et al. 1988) 
earlier history implied by 
protracted Ordovician-Silurian 
activ ity on sub-par:illcl Welsh 
Borderland Faull System 
(Woodcock & Gibbons 1988) 
SE-down growth on ND 
during Early to Mid-
Lhmdovcry bounding 
\Voolhope Basin (this paper) 
NW-SE structures 
including Woo/hope axis 
(WA) 
Triassic ulc across NN\V 
fau lts in South Wales 
strike-slip then nonnal 
displacement on ·cross fau!Lf 
during Variscan thrusting in S 
Walc:s coalfield (Barclay 1989: 
Cole et al. 199 1; Gayer & 
Nemcock 1994) 
normal displacement on ·cross 
faults' in S Wales coalfield 
duri ng depos ition of 
Wes1phalian 8 (Jones 199 1: 
Coleetal.1991) 
Visean chickness changes 
suggest grow1h on NNW faults 
on nonh crop of coalfield 
(Weaver 1975) 
Visean sediment in Forest of 
Dean 
sourced from uplifting WA 
(Squirrel! & Tucker 1960) 
L!andorery 11/c on Tremadoc: 
or earlier in Colli11gro11-I and 
Fmrnhope-1 
S\V-down growth on WNW 
fau lts during Early to Mid-
Llandovery bounding Usk 
Ilasin (this paper) 
NE-down growth on the 
in tn1basinal Woolhope Fau lt 
during M id-Llandonry(this 
a er) 
N-S struc tures 
Usk An1icli11e (UA). 
Forest of Dean Synclines 
(FDS) 
UA uplifted to erosion level in 
later Wes1phalian 
grow1h of FDS renewed in 
Wcsphalian (Owen 197 1) 
absent Namurian suggestc; FDS 
inverted 1hen 
thickne!is contra..c;tc; suggest 
growth on UA throughout Lale 
Carboniferous (Owen 197 1) 
Visean growth of UA and FDS 
suggested by th ickness 
changes (Owen 197 I) 
L::i.te Devonian growth of UA 
:ind FDS sugges(ed by 
thickness change!i (Allen 
1965) 
possible growth of UA gives 
thinning of Early Devonian 
(Allen 1974) 
N-S structures 
Mali-em li11e (ML) 
ea.c;t down normal reactivntion 
of East Malvern F:rnh 
bordering Worceste r Basin 
(Chadwick & Smith 1988) 
Permian u/c: m1 Tremadoc in 
Worcester Basin . 
west-down reverse faulting 
uplifts fonner Palaeozoic tloor 
10 Worcester Ba.c;in 10 erosion 
level (Chadwick & Smi1h 
1988) 
Lute Devonian uk 011 Early 
D~wmia11 and Silurian in 
Torrworrh Inlie r 
wes t-down reverse faulting 
upl ifLc; former Devonian and 
earlier floor to Worces1er 
Basin to erosion level (George 
1963: Smit h 1987) 
Wenlock :rnd Ludlow thin omo Lme Llandm·ery 11/c 0 11 Camb 
N-S Gorsley axis (George and Preccmrb 
1963: Holland & Lawson 
1963) earl ier displacement of 
uncertain nac ur\! 
Fownhope -1 
Wool hope ~ 
f __ f,!l_u_l! _____ ____ _________ · _____ -- ---- ------------, 
South 
0.0 
Shucknall Fault 
(Neath Disturhance) 
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Figure 5: Interpreted seismic section across the Woolhope Anticline. Location shown on Figure I. Rhuddanian and 
Aeronian (Lower and Middle Llandovery) interval is stippled. 
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Figure 6: lsochron map for the interval between the base Rhuddanian and top Aeronian markers. Contours are 
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The Aeronian of the Woolhope Basin thins 
eastwards towards the N-S striking Malvern Line. 
Aeronian is usually taken to be absent in the May 
Hill Inlier (e.g. Cocks et al. 1992), but new 
palynomorph dating suggests a thin Aeronian 
section at the base of the Huntley Hill beds 
(Ba1rnn & Molyneux 1989b). The Aeronian is 
less than 100m thick in the Ledbury/Malvern 
Inlier, where it overlies Tremadoc rocks (Ziegler 
et al. 1968). The third side to the triangular basin 
is marked by the southward thinning of the 
Aeronian onto a palaeo-high in the northeast of 
EXL 080. This onlap probably continues the 
trend observed to the east of EXL 15 8. If so, the 
thick Aeronian in the Woolhope Basin parallels 
the Neath Disturbance. 
The Usk Basin 
The Aeronian interval thickens again to the 
south of fault F3 in EXL 080. To its north, under 
the palaeo-high, seismic profiles show little 
character at depth whereas to its south many 
parallel reflectors are observed. This fault F3 is 
therefore interpreted as a major bounding fault to 
an Usk Basin to the south. A parallel fault F4, 
some 3 or 4 km to the south of F3, also shows 
Aeronian growth. The Aeronian in the southern 
half of EXL 080 generally thickens from east to 
west. However, the N-S faults appear to show 
little involvement in this thickening, with the 
exception of a portion of the East Usk Line. This 
fault exhibits some footwall thinning, but in an 
overthrust area that may present a resolution 
problem or local interpretation error. 
Rhuddanian and Aeronian (Lower and 
Middle Llandovery) basin structure 
The Woo/hope Basin 
Inclusion of Rhuddanian data gives a more 
complete picture of the Woolhope Basin (Fig. 7) 
and removes uncertainty about the exact 
definition of the top Rhuddanian. However the 
base Silurian marker becomes difficult to follow 
southwards, as the Silurian thickens dramatically 
and data quality at depth deteriorates, requiring 
jump correlations across faults. The map has not 
therefore been extrapolated into the Usk Basin. 
To the north of the Neath Disturbance the 
Rhuddanian and Aeronian show little variation in 
thickness, being approximately 50 ms thick (365 
feet, 111 m, using Fownhope-1 interval velocity 
averaged over the composite interval). 
Dramatic thickening is again observed 
across the Neath Disturbance. Growth evidently 
occurred during Rhuddanian as well as Aeronian 
time. Minor Rhuddanian involvement of the 
Woolhope Fault is again recorded, such that a 
local depocentre is recorded to the northwest of 
the Fownhope-1 well. Rapid eastward thinning 
occurs towards the Malvern Line, but seemingly 
without local fault involvement. The Rhuddanian 
is absent in the Ledbury-Malvern Inlier (Cocks et 
al., 1992) and is thin at May Hill, where 
acritarchs indicate a Rhuddanian age 
for the lowest part of the May Hill sequence 
(Huntley Hill Beds) (Barron & Molyneux 1989b; 
Bassett et al. 1992 p.39). 
Rhuddanian fault displacements are evident 
on some of the WNW-ESE faults in the south of 
EXL 158, such that a second local depocentre is 
produced. This feature ceased to grow in the 
Aeronian. Large Rhuddanian growth is also seen 
in the hanging wall of a small NE -SW fault in 
the south west corner of EXL 158. However, this 
growth is seen on only one seismic line and 
should be viewed with caution. 
A palaeohigh is again mapped in the 
northeast corner of EXL 080. Rapid southward 
and southeastward thinning occurs onto it. This 
thinning is uninterrupted by the normal faults in 
the area, indicating their post-Mid-Llandovery 
origin. It is postulated that the palaeohigh 
connects with the May Hill Inlier. The Woolhope 
Basin then appears as an elongate feature parallel 
to, and probably controlled by, the Neath 
Disturbance. 
The Usk Basin 
The dramatic Rhuddanian growth to the 
south of fault F3 has not been mapped out. In the 
Usk-1 well, the combined Aeronian/Rhuddanian 
thickness is over 4000 feet ( 1200m). On the 
palaeohigh north of fault F3, this interval is about 
1200 feet (360m) thick. 
Subsidence analysis of Usk-1 and Fownhope-1 
wells 
Theory 
Subsidence analysis of the Usk-1 and Fownhope-
1 wells has been attempted, to define better the 
timing and magnitude of basin formation. The 
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Figure 7: lsochrnn map for the interval between the base Silurian and top Rhuddanian markers. Contours are two-way-travel-tune (ms). 
well sections have been backstripped (Steckler 
and Watts 1978), to remove the subsidence 
component caused by sediment loading, and to 
isolate that due to a tectonic driving force. The 
backstripping method incrementally decompacts 
each layer to recover its depositional thickness, 
then replaces this thickness of sediment by the 
same thickness of water. The method and its 
assumptions are detailed by Wooler et al. (1992), 
whose model parameters we have used (their 
Table 2). The results (Fig. 8) plot water-loaded 
subsidence against time. These plots effectively 
show the rate at which the basement would have 
subsided without any sediment load. Steep 
segments of the curve indicate periods of rapid 
subsidence, potentially corresponding to rift 
episodes. 
Theoretical subsidence curves, based on the 
finite duration lithospheric extension model of 
Jarvis and McKenzie (1980), have been fitted to 
the observed subsidence profiles in the 
Usk-1 and Fownhope-1 wells (Fig. 9). This 
second phase of analysis is justified by the strong 
indication from the seismic data of an extensional 
component during formation of the Usk and 
Woolhope Basins. The parameters used to 
generate these curves are those of Wooler et al. ( 1992), who also detail the technique. 
There are significant uncertainties on the 
subsidence curves in both depth and time. The 
vertical bars show the errors in estimating the 
depth of water in which each sedimentary unit 
was deposited. The depth ranges used are 100-
500 m for turbidites and other sediments below 
storm wave base, 0-100 111 for shallow marine 
sediments and O to -50 m for non-marine 
deposits. Uncertainty in the Early Palaeozoic 
chronometric timescale also affects the shape of 
the curve. The scale of Harland et al. ( 1990) is 
used here. Curves on the scale of Tucker & 
McKerrow (l 995), with its considerably earlier 
base to the Cambrian, are not significantly 
different in shape over the Silurian interval of 
importance here . 
Results 
The subsidence curve for the Fownhope-1 well 
has two distinct parts . In the first part (Fig. 8a), 
rapid subsidence in the Late Cambrian and 
Tremadoc is followed by an unconformity 
through the remainder of the Ordovician. The 
second part (enlarged in Fig. 8b) comprises rapid 
subsidence through the Rhuddanian and 
Aeronian, decaying during the Telychian . and 
followed by gentle subsidence through the 
Wenlock and Ludlow. This second phase of 
subsidence in Fownhope-1 is closely matched by 
the subsidence profile for the Usk-1 well (Fig. 
8c). The apparently later start of subsidence in 
Usk-1 is an artefact of the uppermost Rhuddanian 
limit to penetration of this well. Seismic 
interpretation shows a thickness of Rhuddanian 
compatible with a base Silurian start to 
subsidence. The Usk-1 curve also hints at 
enhanced subsidence in the Early Devonian. 
The Silurian subsidence curves can be 
interpreted in terms of rifting and subsequent 
thermal decay (post-rift) subsidence, as predicted 
by lithospheric extension models (e.g. Jarvis and 
McKenzie 1980). The rift model is supported by 
the extensional growth faulting seen on the 
seismic profiles affecting the Rhuddanian to 
Aeronian interval, synchronous with the steep 
segments of the subsidence curves. Theoretical 
subsidence curves have been calculated for 
different values of stretching factor (~), with 
rifting in the Rhuddanian and Aeronian (Fig. 9). 
The Fownhope-1 data fit best with ~ 
between 1.30 and 1.40. The Usk-1 data fit best 
with stretching factors of between 1.48 and 1.60. 
The negative value of initial subsidence results 
from the earliest data in this well being 
uppermost Rhuddanian. In the Usk-1 well, it is 
clear that rifting finishes before the end of the 
Telychian. 
Sedimentary fill to the Woolhope and Usk 
Basins 
Lithological information is derived from the well 
records at Collington- I, Fownhope-1 and Usk-1 (Fig. 2), from the Silurian outcrop in the 
Woolhope Inlier (Telychian and later) and the 
Usk Inlier (Wenlock and later), and by 
comparison with bordering inliers at Tortworth, 
May Hill, Ledbury-Malvern, and the Abberley 
Hills. 
Upper Llandovery, Wenlock and Ludlow 
Facies and thicknesses in W~nlock and Ludlow 
units in the three wells closely match the outcrop 
records . . They confirm that shallow marine 
mudstones, calcareous siltstones and limestones 
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covered the whole area during most of mid-
Silurian time (Holland & Lawson 1963). Increase 
in the thickness . and completeness of Ludlow 
sequences from May Hill to Fownhope-1 may 
reflect enhanced thermal subsidence over the site 
of the Woolhope Basin. Underlying Upper 
Llandovery (Telychian) sequences are also 
shallow marine, mostly shales, with sandstones at 
Fownhope and Collington comparable with those 
in the Wych Beds in the Malverns and Abberleys 
respectively (Ziegler et al. 1968). 
Middle Llandovery 
The Middle Llandovery (Aeronian) sequences 
show much stronger facies contrasts between the 
basinal wells (Fownhope and Usk) and other 
areas, consistent with the strong subsidence of 
the Woolhope and Usk basins at this time. This 
contrast is summarised on a palaeogeographic 
map (Fig. 10). Aeronian rocks are probably 
absent north of the Neath Disturbance and east of 
the Malvern line until late in Aeronian time, 
when the sedgwickii transgression (Bassett et al. 
1992) left patches of marginal marine or shallow 
marine sandstone and conglomerate across this 
area. These are represented by the Cowleigh Park 
Beds (90-lOOm thick) in the Malverns and 
Abberleys (Ziegler et al. 1968). The 90m of 
conglomeratic sandstone at the base of the 
Collington- I well (Fig. 2) probably records this 
transgression, a suggestion supported by the 
absence of underlying reflectors on seismic 
profiles. The sandstones here may however be of 
mid- rather than late Aeronian age. This interval 
contains abundant fragments of mica schist or 
granite, possibly derived from the Malverns or 
similar Precambrian terranes . 
By contrast, the Aeronian in Fownhope-1 
and Usk-1 comprises predominantly marine 
sandstone and shale. A whole core in the 
Aeronian at Usk consisted of laminated, light 
grey-brown medium to coarse sandstone in beds 
30cm to 2m thick, interbedded with units of very 
fine to medium sandstone and shale. Sandstone 
beds are commonly graded, with erosional bases, 
load casts and internal cross-lamination and 
convolutions. The framework grains are mostly 
quartz, with minor lithic fragments, 
predominantly glassy tuffs and basalts. Shell 
fragments, crinoid ossicles and a rich acritarch 
assemblage imply a marine environment. These 
sediments have been interpreted as the products 
of medium to low concentration turbidity 
currents (J.C.M. Taylor; Sovereign internal 
report 1989). On this interpretation, a significant 
topographic contrast had developed by Aeronian 
time between the Woolhope I Usk Basins and 
their fringing platforms to the east and northwest 
(Fig. 10). 
Lower Llandovery 
This platform to basin topography is equally 
evident in the Rhuddanian record. Few rocks of 
this age occur around the basin margin and direct 
evidence comes mainly from the Fownhope and 
Usk wells. Here, the fossiliferous grey sediments 
of the Aeronian give way downwards to mostly 
unfossiliferous reddened sediments. A 7.6m core 
from the base of the Usk-1 well comprises red 
conglomerate in beds 0.5m to 2.5m thick, with 
,rare thin interbeds of red micaceous shale. Feint 
parallel and cross lamination occur. The 
conglomeratic clasts are predominantly volcanic, 
mostly glassy tuff and lava. There are 
subordinate sandstone clasts and quartz grains. 
All grains have hematite coatings, indicating an 
arid diagenetic environment. These sediments are 
interpreted as the products of braided streams on 
a coastal plain (J.C.M. Taylor; Sovereign internal 
report 1989), although one acritarch and one 
grain of glauconite warn of a possible marine 
influence. The sediment source was almost 
entirely volcanic. The only rocks of this age 
known on the margins of the Woolhope and Usk 
Basins come from the Huntley Quarry Beds of 
the May Hill Inlier. Here, volcanic flows are 
interbedded with red bed sediments. This unit 
was previously thought to be Precambrian in age 
(Lawson 1955; Ziegler et al. 1968) but recent 
work indicates the presence of Rhuddanian age 
palynomorphs (Barron & Molyneux 1989b). The 
Rhuddanian Usk and Woolhope Basins must 
have occupied a continental rift, within the angle 
formed by the flanking uplifts across the Malvern 
and the Neath lines (Fig 10). 
Interpretation: Early Silurian rift basins 
Kinematics 
The origin of the Woolhope and Usk Basins by a 
component of Early to Mid-Llandovery 
lithospheric stretching is supported by the 
observed growth across normal faults within both 
Early - Mid-Silurian volcanics / ~~ / b -7 
- Generalised basin form lines / /J °''~~ / \ /, 'vs, ~o/ . \ 
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Figure 10: Early to Mid-Llandovery palaeogeographic map showing the relationship of the Usk and 
Wool hope Basins to the Welsh Basin and to records of Early Silurian volcanic rocks. 
basins. However, it cannot be assumed from 
these observations that the regional tectonic 
setting was purely extensional. Other evidence 
points to a component of regional strike-slip 
displacement across Early Silurian Wales. 
The major bounding fault along .the Neath 
Lineament is probably part of a deeply rooted 
steep fault belt which was well-oriented at least 
for Carboniferous strike-slip (Owen & Weaver 
1983). The Neath Disturbance is one of a suite of 
Caledonoid (NE-SW) lineaments, some with an 
earlier strike-slip history. Most relevant is the 
evidence for pre-Telychian dextral strike-slip 
along the Pontesford Lineament bounding the 
Welsh Basin (Woodcock 1984a; 1987; Lynas 
1988; Woodcock & Gibbons 1988). A similar 
sense of Early to Mid-Llandovery displacement 
along the Neath line would withdraw a wedge of 
lithosphere from the angle between the Neath and 
Malvern lines and promote its extension and 
subsidence (Fig. 10). Formation ofNW or NNW-
striking normal growth faults is kinematically 
compatible with this model. Complimentary 
strike-slip, probably sinistral, on the Malvern 
Line might be expected. Field evidence for the 
early structural history of the Malverns has been 
much debated (Chadwick & Smith 1988; Phipps 
& Reeve 1969 and references therein) and 
remains inconclusive. 
Timing 
The formation of the Usk and Woolhope Basins 
during Early Silurian transtension matches the 
hypothesis that the larger Welsh Basin developed 
under the influence of regional strike slip 
(Woodcock 1984b; 1990). Post-Caradoc/pre-
Telychian strike-slip within the Eastern 
A valonian continent has been ascribed either to 
Caradoc/Ashgill interaction of the Iapetus ocean 
ridge with the Avalonian trench (Woodcock 
1990; Pickering & Smith 1995), or to Llandovery 
impingement of Eastern Avalonia with Laurentia 
(Soper & Woodcock 1990). The second of these 
mechanisms is dated in the Welsh Basin by rapid 
Telychian fault-controlled subsidence 
(Woodcock et al. 1996) and voluminous turbidite 
influx from a rejuvenated collisional source area 
(Soper & Woodcock 1990). The earlier 
Rhuddanian onset of rifting in the Woolhope and 
Usk Basins implies either a different driving 
mechanism, or an earlier date for hard collision 
of Avalonia and Laurentia (Pickering et al. 1988; 
Pickering & Smith 1995). 
Extensional consequences 
Stretching (~) factors estimated using the 
finite duration lithospheric extension model are 
1.3 to 1.4 in the Woolhope Basin and about 1.5 
to 1.6 at Usk. These factors are high enough to 
explain the observed facies transition within the 
basins, from early non-marine sequences to later 
marine sequences developed as subsidence 
outpaced accumulation and the basins suffered 
. . . 
manne 111curs10n. 
The ~-factors are as high as those 
encountered in the Mesozoic North Sea Basin, 
and high enough for the development of 
volcanics sourced from partial melting of the 
sub-lithospheric mantle (e.g. White & Latin 
1993). No volcanics are encountered where they 
might be expected in the deeper parts of the 
Woolhope or Usk Basins. However the presence 
of Rhuddanian volcanics below the penetration 
depth of the Usk-1 well cannot be ruled out, and 
a local volcanic source, possibly the Tortworth 
area is implied by the composition of the 
Rhuddanian conglomerates and sandstones at 
Usk. 
Any such volcanic centre would be 
analogous to those evidenced elsewhere along 
the southern edge of the Midland Platform (Fig. 
10). Volcanics, mostly basic, are exposed in the 
Mendips (middle Wenlock), at Tortworth 
(Telychian) and on Skomer Island in west Wales 
(Aeronian or older, Thorpe et al. 1989). 
Intermediate tuffs of probable Early Silurian age 
were encountered in boreholes at Maesteg-2, 
Bicester-1 (east of the survey area) and 
Netherton-I (Pharaoh et al. 1991). The Bicester 
and Netherton volcanics are tied to a prominent 
reflector near the base of the Silurian, imaged 
more widely across the southern part of the 
Midland Platform (Pharaoh et al. 1991; 
Chadwick & Smith 1988). The Skomer 
Volcanics have a geochemistry that suggest 
within-plate rifting, with only minor subduction 
components (Thorpe et al. 1989). Pharaoh et al. 
(1991) have postulated a phase of Early Silurian 
rifting along the southern edge of the platform, 
perhaps related to developments of the Rheic 
Ocean to the south. 
Southward continuation of the Usk Basin? 
The extent and deteriorating quality of the 
seismic data in the southwest of the survey area 
prevent the delineation of the Usk Basin in this 
direction. Two main possibilities exist. The first 
is that the basin could be closed on its south side, 
perhaps by an E-W continuation of the Severn 
Estuary Fault Zone into the Bristol Channel. This 
hypothesis would define a triangular basin, much 
as portrayed for the Mid-Llandovery by Bassett 
et al. (1992, Maps Slb, S2a). The Usk Basin 
would be flanked along the southern rim of 
Eastern A valonia by the emergent area of 
Pretannia, and would require a narrow westward 
marine connection with the Welsh Basin. 
The second possibility is that the Usk Basin 
continued to deepen southward and was 
continuous with the southern continental margin 
of Eastern A valonia. Evidence for the Silurian 
and earlier position.and nature of this margin has 
been entirely lost by overthrusting in the 
Variscan Belt. On this second hypothesis, the 
Silurian connection to the southern margin was 
short-lived. Wenlock and, more clearly, Ludlow 
facies appear to shoal southwards from the Usk 
Inlier to the Cardiff Inlier (Bassett et al. 1992), 
presaging a landmass in the Bristol Channel that 
became even more prominent during Devonian 
time (Cope & Bassett 1987). 
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Sequence stratigraphical analysis of late Ordovician and early 
Silurian depositional systems in the Welsh Basin: a critical 
assessment 
N. H. W00DCOCK 1, A. J. BUTLER!, J. R. DAVIES2 & R. A. WATERS3 
1Department of Earth Sciences, University of Cambridge, Cambridge CB2 3EQ, UK 
2British Geological Survey, Room Gl9, Sir George Stapledon Building, University of Wales, 
Penglais, Aberystwyth, Dyfed SY23 3DB, UK 
3British Geological Survey, Kingsley Dunham Centre, Keyworth, Nottingham NG12 5GG, UK 
Abstract: Sequence stratigraphical concepts are applied to a 55 km long transect through the 
uppermost Ordovician and lower Silurian rocks of the Welsh Basin and the adjoining Midland 
Platform. The study focuses on sedimentary rocks deposited during the Llandovery epoch (about 
439-430 Ma). 
An early Llandovery slope apron of hemipelagite and laterally supplied mudstone turbidites 
shows the influence of eustatic sea-level changes. Two complete depositional sequences are 
recognized. Transgressions and highstands on the platform were accompanied by laminated 
hemipelagite deposition in the basin, recording anoxic bottom waters in a stratified watermass. 
The intervening regressions generated unconformities on the platform and produced ·bioturbated 
basinal sediments in a more oxic environment. 
By contrast, the extent and timing of sandstone-turbidite and debrite systems in the basin are 
strongly affected by tectonic activity. Easterly derived late Llandovery facies relate directly to 
faulting and submarine mass wasting along the basin margin. Southerly derived late Llandovery 
to mid-Wenlock sandstone- lobe systems were the products of tectonic uplift in extrabasinal 
source areas and were partially confined within intrabasinal tilted fault blocks. Subsidence analy-
sis confirms a basinal stretching event in late Llandovery (Telychian) time and shows that it also 
affected the adjacent Midland Platform. The depositional systems of this period constitute ele-
ments of a dual-sourced depositional sequence, within which eustatic effects are masked by the 
strong influence of relative base-level changes attendant to tectonism. 
The architecture of the early Si lurian Welsh Basin illustrates the complexities of applying 
sequence stratigraphical models where there is an interleaving of several depositional systems, 
each modulated by a different mix of eustatic, tectonic and input controls. · 
This paper results from an attempt to refine a pre-
liminary sequence stratigraphical analysis of the 
Lower Palaeozoic Welsh Basin (Woodcock 1990) 
using data from new primary mapping by the 
British Geological Survey (Wilson et al. 1992; 
Waters et al. 1993; Davies and Waters 1994; Davies 
et al. in press; British Geological Survey 1993, 
1994). In particular, these data constrain a strati-
graphical transect from the basin centre to its 
eastern platform di.iring the time of most rapid tur-
bidite infilling in the latest Ordovician to early Sil-
urian. However, the architecture of this transect 
does not fit a conventional sequence stratigraphical 
model involving changes in relative sea level. This 
paper examines the reasons for this mismatch. 
and extrabasinal sediment supply. In such a basin, 
the architecture of any one transect will not fit a 
simple model of base level change, especially if 
much of the accommodation space remains unfilled 
by sediment. 
The main depositional systems of the latest 
Ordovician to early Silurian basin are described, 
emphasizing the importance of both lateral and 
axial sediment supply paths. The genetic factors 
controlling the strata) geometry are diagnosed and it 
is argued that each system . was influenced by a 
different balance of eustasy, intrabasinal tectonics 
Geological setting 
For most of early Palaeozoic time, the Welsh Basin 
was an area of enhanced subsidence and sediment 
accumulation with respect to the Midland Platform 
further to the southeast and the Irish Sea Platform to 
its northwest (Fig. l inset). The basin lay on thinned 
continental crust of the Eastern Avalonia micro-
continent. Its fill is dominated by turbidite sand-
stones and mudstones with important volcanic 
intercalations, mainly within mid-Ordovician 
sequences. These volcanic rocks record intra-arc 
and then back-arc extension above a subducting 
lithospheric slab of the Iapetus Ocean, which 
separated Eastern Avalonia from the Laurentian 
continent to the north (e.g. Kokelaar et al. 1984). 
From HESSELBO, S. P. & PARKINSON, D. N. (eds) , 1996, Sequence Stratigraphy in British Geology, 
Geological Society Special Publication No. I 03, pp. 197-208. 
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By late Ordovician (Ashgill) time, volcanic centres 
in the Welsh Basin had shut down as Eastern 
Avalonia approached and began to impinge on 
Laurentia. The uppermost Ordovician (Hirnantian) 
to lower Silurian (Llandovery to early Wenlock) 
rocks described in this paper were deposited in the 
developing convergence zone and probably include 
the first erosional debris from uplifted areas within 
it (Soper & Woodcock 1990). Marine conditions in 
the Welsh Basin gave way to non-marine sedimen-
tation in latest Silurian (Pridoli) time. Sedimen-
tation continued into the early Devonian, but the 
basin was progressively shortened and uplifted 
during the Acadian Orogeny, culminating in a major 
mid-Devonian unconformity. 
The rocks described in this paper lie entirely 
within the Powys Supergroup (Woodcock 1990), 
the megasequence deposited after volcanic shut-
down in the basin and before the Acadian orogenic 
climax. Reviews of the Powys Supergroup in Mid-
Wales are provided by Woodcock & Bassett ( 1993) 
and Davies et al. (in press). Attention focuses here 
on the Llandovery Series, the stratigraphical inter-
val that crops out most extensively across the mid-
Welsh segment of the basin and its margin. The 
underlying upper Ordovician rocks crop out more 
locally in structural inliers, whereas the overlyi ng 
Wenlock and Ludlow Series have been removed 
from above much of the basin, mostly by syn-
Acadian erosion. 
The stratigraphical transect to be discussed 
incorporates outcrop data from a band of ground 
stretching from the basin centre around Aberaeron 
eastwards to the basin margin near Llandrindod 
Wells (Fig. l inset). This band coincides with the 
Llanilar and Rhayader 1 :50 OOO geological sheets 
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Fig. 1. Pre-Acadian stratigraphical cross-section of the latest Ashgill, Llandovery and Wenlock succession of the 
Welsh Basin along the transect shown on the inset map. The section is restored with the base of the nassa Biozone 
(late Wenlock) hori zontal. 
(British Geological Survey 1993, 1994). Outcrop 
quality is moderately good in rugged t()pography, 
including a number of valleys that provide long, 
continuous sections through the major turbidite sys-
tems. 
Architecture of the platform to basin 
transect 
Broad stratigraphical relationships are displayed on 
an east-west cross-section (Fig. I) simplified from 
that in Davies et al. (in press). A version of the 
western half of this section has been discussed by 
Wilson et al. (1992) and of its eastern half by Waters 
et al. (1993) . The section shows pre-Acadian facies 
and thickness relationships and is underpinned by 
detailed biostratigraphy (Zalasiewicz 1990; Loydell 
1991; Davies et al. in press). Thicknesses have not 
been corrected, either for early compaction or for the 
Acadian shortening that was accommodated in 
cleavage formation and minor folding . The intensity 
of this deformation is broadly similar across the 
basinal section eastwards as far as the Garth Fault, 
and strain corrections would not grossly alter the 
across-strike thickness changes of individual units 
nor their geometrical relationships with adjoining 
units. 
200 N. H. WOODCOCK ET AL. 
11km 10km 
west 
limit of present erosion 
depositional systems 
® D southerly derived turbidites 
(a) 
INPUT 
DOMINATED 
east 
<=:J easterly derived turbidites and debrites ------/-.._, 
<=:J easterly derived mudstones 
TECTONIC 
DOMINATED 
EUSTATIC 
DOMINATED 
Fig. 2. Chronostratigraphical diagram (a) showing the inter-relationship of the three main depositional systems 
together with (b) their relative genetic controls plotted on the conceptual ternary diagram of Galloway ( 1991 ). 
The thin solid lines on the cross-section (Fig. I) 
are the boundaries of lithostratigraphical units. 
Selected units only are named and referred to in this 
paper, but detailed descriptions are provided by 
Davies et al. (in press). The bases to identified bio-
zones are shown by pecked lines, with selected bio-
zones named. The cross-section shows three main 
depositional components: shelf systems, easterly 
derived slope-apron systems and southerly derived 
sandstone-lobe systems. 
The shelf systems comprise mostly distal shelf 
mudstones, deposited east of the Garth Fault and its 
splays. The Llandovery mudstone units are bur-
rowed, recording oxic bottom waters, and the Wen-
lock units are laminated, recording anoxia. 
Transgressive sandstone overlies the two internal 
non-sequences below time lines I and 3. A regres-
sive sandstone unit occurs in the latest Aeronian. 
The easterly derived slope-apron systems are 
dominated by mudstone facies composed of 
interbedded mudstone turbidites and hemipelagites. 
The hemipelagites may either be burrowed (oxic) or 
laminated (anoxic). Lenticular coarser-grained 
elastic units locally punctuate the slope apron mud-
stones. These units vary from conglomeratic 
debrites and channelized turbidite sandstones and 
conglomerates to thin-bedded turbidite-lobe facies. 
The unifying feature of the slope-apron systems is 
their proved or inferred supply from the east or 
southeast, directly across the edge of the Midland 
Platform (Ball et al. 1992; Morton et al. 1992). 
The southerly derived sandstone-lobe systems 
comprise thick sandstone-rich turbidite-lobe 
deposits passing into sandstone/mudstone lobe-
fringe facies . In the lobes and, particularly, in the 
lobe fringe the resedimented turbidites may be 
interbedded with hemipelagic mudstones, either 
burrowed or laminated. In contrast with the slope-
apron systems, the sandstone-lobe systems were 
sourced from the south or southwest, along-strike 
with respect to the eastern basin margin (e.g. Cave 
1979; Smith 1987; Wilson et al. 1992). 
The interdigitation of the southerly derived and 
easterly derived depositional systems means that 
the transect cannot be viewed simply as a record of 
linked platform-to-basin processes, shifting in 
DEPOSITIONAL SYSTEMS OF THE WELSH BASIN 201 
easterly-derived systems shelf systems 
~ oxic slope-apron facies 
8 anoxic slope-apron facies 
[TI coarse-grained turbidite facies 
• debrites 
8 burrowed mudstone facies 
§ laminated mudstone facies 
CJ mixed mudstone facies 
sea level 
(dotted lines 
delimit cycles) 
CJ regressive sandstone facies high low 
southerly-derived systems 
D all facies 
l1Ma 10km 
DBF __ .,:-.• . , . .. . _· · 
west 
425Ma 
C: 
"' 'E
"' u u 
:, 
.c: 
a: 
ffi ::J 439Ma 
--- ... ·····------ ~ ~ -- . ~ ~ 
east 
WELSH ~MIDLAND 
BASIN ~ PLATFORM 
BMd Builth Mudstones Fm Dgu Oolgau Mudstones Fm 
Cbn Caban Conglomerate Fm DIF Derwenlas Fm NgF Nantglyn Mudstones Fm 
CeF Cwmere Fm GBF Garth Bank Fm and Nyg Nant-ysgollon Mudstones Fm 
Gerig Fm unnamed strata PdG Penstrowed Grits Cer 
Cwn Cwm Barn Fm Hen Henfryn Fm Rhs Rhayader Mudstones Fm 
DBF Devil's Bridge Fm MsS 'M. sedgwickii' Shales YMG Ystrad Meurig Grits 
Fig. 3. Chronostratigraphical section detailing the shelf and slope-apron systems, correlated against the eustatic curve 
of Johnson et al. (1991b). Faults are shown cutting all the units that they affect, rather than to show their inferred 
duration of movement. Numbered time lines match those in the key to Fig. I. 
response to the same controlling factors. Contrast-
ing geochemical and mineralogical characteristics 
of each system (Ball et al. 1992; Morton et al. 
1992) suggest different provenance areas and the 
possibility of a different balance within them of 
eustatic influences and intra- or extra-basinal tec-
tonic controls. The spatial relationships of these 
various systems are simplified in Fig. 2a. The sys-
tems are also plotted in Fig. 2b on a conceptual 
ternary diagram of Galloway ( 1991 ). This. sum mar-
izes the inferred balance of controll ing factors for 
each depositional system, which arist;s from the dis-
cussion in the next two sections of the paper. 
Chronology and eustasy 
Temporal variations in sedimentation patterns 
within the Welsh Basin transect are more easily 
assessed on chronostratigraphical diagrams (e.g. 
Fig. 3) . The cross-section of Fig. l has been trans-
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formed so that the biostratigraphical time lines are 
horizontal and are spaced to match the radio-
metrically calibrated time-scale of Harland et al. 
( J 990). Graptolite biozones have been taken of 
equal duration between stage boundaries and sub-
zones of equal duration within biozone boundaries. 
Faults are shown on the chronostratigraphical sec-
tions as a guide to spatial location with respect to 
Fig. 1, rather than to indicate their assumed period 
of activity. The sea-level curve (Fig. 3), reproduced 
from Johnson et al. ( 1991 b ), was derived by corre-
lating depth-related benthonic communities in 
carbonate-dominated cratonic shelf sequences on 
six early Palaeozoic continents: Laurentia, Baltica, 
Avalonia, Siberia, South China and Gondwana. 
Johnson et al. (1991b) deduce that this curve repre-
sents eustatic events, including five transgres-
sive/regressive cycles (Figs 3 & 4). 
Sequence stratigraphical analysis 
Depositional sequences form in response to cycles 
of base-level movement. They are typically defined 
by unconformities in shelf successions and correlative 
conformities in basinal facies . Their initiating base-
level movements can include either eustatic (absol-
ute) changes in sea level, or regional (relative) 
changes related to basinal tectonism (subsidence or 
uplift). It follows, therefore, that the extent to which 
sequence boundaries and facies changes occur in 
step with postulated eustatic sea-level changes can 
be used as a measure of the relative importance of 
regional tectonism (Parkinson & Summerhayes 
1985). 
In view of their contrasting sources, depositional 
process and geometries, it is convenient, firstly, to 
establish sequence boundaries within the separately 
sourced systems of the basin-fill. In the older parts 
of the basin, sequences composed exclusively of 
easterly sourced shelf and slope-apron facies dis-
play features consistent with eustatic movements in 
base level. However, younger portions of the fill 
comprise sequences of mixed source that reflect the 
growing influence of relative base-level changes 
driven by regional tectonism. The vertical and 
lateral transitions between these sequences graphi-
cally illustrate the difficulties of defining sequence 
boundaries in deformed and uplifted ancient basins 
Jacking seismic data. 
Easterly supplied shelf and slope-apron 
muds tones 
Chronostratigraphical analysis of the late Hirnant-
ian to early Wenlock shelf and slope apron mud-
stone succession provides evidence for the first 
three eustatic cycles of Johnson et al. (1991b). 
These facies changes are used to define primary 
depositional sequences . The first such sequence 
records the late Hirnantian to early Aeronian post-
glacial sea-level rise and the succeeding mid-
Aeronian fall. On the shelf, a succession of 
bioturbated mudstone (Garth Bank Formation and 
unnamed strata of Will iams & Wright 1981) with a 
basal transgressive sandstone is bounded by non-
sequences. On the slope apron the eustatic sea-level 
rise is recorded by the laminated anoxic hemi-
pelagite of the Cwmere Formation. Flooding of the 
platform is thought to have proino"telan outflow of 
warm surface water carrying increased volumes of 
organic matter (e.g. Leggett 1980). In the resulting 
stratified basin watermass anoxic bottom waters 
were generated by oxidation of this organic matter. 
The subsequent relative sea-level fall allowed 
renewed mixing of this watermass, the re-establish-
ment of a burrowing benthos and accumulation of 
the oxic hemipelagites of the Derwenlas Formation. 
The fall on the sea level curve is accompanied by a 
non-sequence on the platform spanning much of the 
Aeronian. 
The second sequence, of short duration, formed 
in response to the widely recognized late Aeronian 
rise and fall in sea level. On the shelf, transgress ive 
shelly sandstones pass upwards into fossiliferous 
burrow-mottled mudstones, which together consti-
tute the Ca division of Andrew (1925). The suc-
ceeding granule-rich shoreface sandstones (Cb of 
Andrew) define the top of the sequence. In the 
basin, the transgressive rise in sea level introduced 
the anoxic slope-apron facies of the M. sedgwickii 
shales. The subsequent regression is represented by 
the overlying oxic facies of the Rhayader Mud-
stones. 
On the shelf, the abrupt entrance of the burrow-
mottled Cerig Formation above Cb records the trans-
gressive rise in sea level at the base of a third 
sequence and equates with the early Telychian event 
of Johnson et al. (1991b). Although the horizon of 
this event can be identified biostratigraphically, in 
contrast with the earlier sequences, it has no litho-
logical expression in the basin that is recognizable in 
the field. Evidence for the rnid-Telycbian regression 
and for the late Telychian to early Wenlock eustatic 
cycle of Johnson et al. (199 lb) is absent from both 
shelf and slope-apron successions alike, suggesting 
that eustatic sea-level changes were no longer influ-
encing deposition and, by inference, that regional 
subsidence had become the dominant control. 
Coarse-grained turbidite and debrite facies of 
the slope apron 
The coarse elastic rocks of the slope apron show 
little relationship with the relative sea-level changes 
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Fig. 4. Chronostratigraphical section of the Telychian (late Llandovery) southerly derived turbidite systems, . 
compared with representative curves of relative sea level from Johnson et al. (1991a). Curves are from (a) Estonia, 
(b) Norway, (c) Iowa, USA and (d) Guizhou, South China. 
inferred from their enveloping mudstone units . 
Small-scale, sandy turbidite lobes (Ystrad Meurig 
Grits Formation) were fed by an easterly sourced 
nested channel system (Caban Conglomerate For-
mation) throughout late Hirnatian to Aeronian time 
(Davies & Waters 1994). The channel system was 
initiated during the late Hirnantian post-glacial sea-
level rise and contracted in size during the late 
Aeronian fall. Both these effects are out of phase 
with the expected eustatic influences on elastic 
supply to the basin (cf. Stow et al. 1985). A more 
likely control is tectonic uplift of the source areas, 
feeding sediment down an efficient shelf and slope-
apron by-pass system. 
Tectonic rather than eustatic control on Telychian 
debrites and turbidites in the proximal slope apron 
is well constrained. Two coarse-grained units 
(Henfryn and Cwm Barn formations), deposited 
during a period of uninterrupted sediment accumu-
lation on the shelf (Fig. 3), were clearly sourced by 
local submarine mass wasting of normal fault scarps 
cutting the basin slope (Davies et al. in press). Dis-
placement on these faults allowed erosion of their 
footwall blocks through earlier Llandovery units and 
into Ashgill strata, before they were eventually 
onlapped by slope-apron mudstones above a well 
mapped unconformity. Mass wasting occurred 
through mid-Telychian time (utilis to lower 
griestoniensis Biozones), suggesting a discrete 
short-lived episode of fault activity along the basm 
margin. The possibility of high-frequency eustatic 
events cannot be ruled out. However, an important 
tectonic event at this time is strongly indicated by 
the subsidence analysis described in a later section. 
In summary, the coarse-grained resedimented 
facies associated with the slope apron do not accord 
with the eustatic sea-level changes of Johnson et al. 
(1991b). Instead, they probably record tectonic con-
trols in sediment source areas or on the basin 
margin. 
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Fig. 5. Silurian subsidence curves for the basin transect and for selected points on the adjoining Midland Platform. 
Southerly derived sandstone-lobe systems 
Southerly derived sandstone-lobe systems entered 
the basin during Telychian and early to mid-Wen-
lock times (Fig. 3). Detailed studies of these sys-
tems (Dimberline 1987; Smith 1987; Wilson et al. 
1992; Clayton 1992) have shown that they display 
little systematic vertical variation in bed thickness 
or grain size, inviting comparison with the aggra-
dational systems of Macdonald ( 1986). Chrono-
stratigraphical analysis of these systems and 
comparison with detailed sea level curves for the 
period, derived from Laurentia, Baltica and South 
China (Johnson et al. 1991 b ), confirm that eustatic 
effects exercised little influence on their develop-
ment (Fig. 4). The sandstone lobes of the Mynydd 
Bach Formation aggraded during a period of rising 
global sea level. The Rhuddnant and Pysgotwr Grits 
were developed across fault blocks to the east, late 
in this rise and throughout the subsequent highstand 
and regression. The supply of southerly derived tur-
bidites waned at the time of the late Telychian 
eustatic rise. Sandstone-lobe facies readvanced 
during early to mid-Wenlock times (Penstrowed 
Grits), but again do not display changes consistent 
with global sea-level movements (Fig. 3). 
In not exhibiting facies responses attributable to 
eustatic events, it is clear that these southerly 
sourced systems formed in response to pronounced 
relative movements in base level associated with a 
marked increase in the grade and volume of sedi-
ment supply. Both were responses to regional 
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tectonism. It is well established that the increase in 
sediment supply reflects tectonic rejuvenation of 
the source areas to the south (Cave 1979; Smith 
1987; Clayton 1994a, b) . Soper & Woodcock 
( 1990) have suggested that this uplifted source area 
resulted from the newly developing collision 
between Eastern Avalonia and Laurentia. Tectonism 
in the sediment source areas was complemented in 
the basin by an increase in the rate of subsidence. In 
detail, the geographical and temporal distribution of 
the sandstone-lobe systems within the sequence was 
controlled by intrabasinal fault displacements 
(Wilson et al. 1992; Davies et al. in press). Clearly, 
these tectonic effects were able to counteract the 
effects of Telychian and early Wenlock eustasy, and 
led to a stratigraphical geometry which is analogous 
to the tectonic systems tract of Prosser ( 1993) (Fig. 
2a) . 
Subsidence analysis as an indicator of 
tectonic influence 
The importance of postulated tectonic controls on 
early Silurian depositional architecture has been 
tested by applying subsidence history analysis to 
representative successions determined at outcrop 
(Fig. 5). Data have been taken separately from the 
footwall and hanging-wall blocks of the basinal 
faults and comparative data sets have been com-
piled from representative shelf successions around 
the southeast margins of the basin. Each section has 
been backstripped to allow for compaction, deriving 
the original sedimentary thickness at the time of 
deposition. This sediment load is then replaced with 
a water load (including the original depths of water 
above the depositional surface) to isolate the tec-
tonic components of subsidence. This backstripping 
process is a standard technique in basin analysis 
(e.g. Barton & Wood 1984). The parameters used 
are the same as those of Wooler et al. (1992). The 
error bars on the resulting curves mainly reflect the 
uncertainties in palaeobathymetric determination 
and hence are largest for basinal facies . The litho-
spheric stretching factors (r3) have been determined 
by fitting theoretical subsidence curves to the water-
loaded subsidence plots. 
Best-fit curves to the backstripped data all show 
a marked increase in subsidence rate, beginning in 
early Telychian time. This subsidence event spans 
the time of major fault control on turbidite deposi-
tion in the basin and of fault-induced mass wasting 
and debrite deposition along the eastern basin 
margin. Significantly, it is also recognizable on the 
shelf, where it coincides with the decoupling of 
shelf deposition from strong eustatic influence. The 
smaller errors in water depth on the shelf define the 
subsidence well, but even the need for wide error 
bars for the basinal data cannot remove the need for 
enhanced Telychian subsidence. Estimated stretch-
ing (r3) factors range from 1.1 on the shelf to around 
1.5 in the basin. · 
As on the chronostratigraphical diagrams, the 
numerical time-scale is based on that of Harland et 
al. (1990), with the assumption of equal duration of 
graptolite biozones within stages and equal duration 
of subzones within biozone boundaries. Changing 
these assumptions does not smooth out the observed 
subsidence episode, although it may alter slightly 
the magnitude of r3. No correction has been made 
for the tectonic thickening of units when backstrip-
ping. Again, this may lead to a different stretching 
value, but does not remove the event itself. The 
value of the stretching factor will be most in error in 
basinal sequences where cleavage is present and 
least in error in the platform sequences. 
The main faults that take up differential subsi-
dence, such as the Bronnant Fault, Claerwen Fault 
and those along the Tywi Lineament, have magnetic 
and gravity signatures that suggest their propa-
gation from faults in pre-Silurian and probably Pre-
cambrian basement (McDonald et al. 1992). They 
therefore record crustal extension rather than super-
ficial strata! extension. This extension must have 
occurred in late Llandovery time, because along the 
Bronnant and Claerwen Faults there is no localized 
slope facies to suggest that a pre-existing topogra-
phy was being infilled . The subsidence data there-
fore reinforce the stratigraphical case for strong 
intrabasinal tectonic control on the system architec-
ture of the southerly derived turbidites during late 
Llandovery time. 
One unsolved regional problem is that crustal 
extension in Wales is postulated to be coeval with 
the uplift of a new source area to the southwest, pre-
sumably undergoing crustal shortening. One way of 
achieving this synchronous uplift and subsidence 
would be within a regional strike-slip regime. The 
spatial and temporal pattern of late Llandovery sub-
sidence and uplift is broadly compatible with the 
suggestion of Soper & Woodcock ( 1990) that the 
western end of Eastern Avalonia was beginning its 
hard collision with Laurentia at this time. On this 
hypothesis, new source areas could be uplifted in a 
transpressive collision zone southwest of the Welsh 
Basin, and pre-existing faults that bounded and 
underlay the basin could have been reactivated in 
transtension. 
Discussion 
Lessons for Welsh Basin studies 
Attempts to apply sequence stratigraphical thinking . 
to the Welsh Basin have usefully focused attention 
on where the basin does not fit conventional models 
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and on the reasons why. However, the possibility 
must also be considered that the misfit is an artifact 
of an inadequate or inappropriate observational data-
base. Some of the relevant factors are as follows. 
(I) The lack of any seismic control means that 
there is a reduced possibility of seeing transgressive 
or regressive signatures normally identified from 
strata! reflector geometries. 
(2) In the sandstone-lobe systems, any such sig-
natures should have been apparent in systematic 
grain-size and bed-thickness trends, none of which 
is found. In the slope-apron mudstone systems and 
the shelf systems, the non-recognition of trans-
gressive or regressive strata) signatures is poten-
tially more serious, because the scale of exposure in 
the field precludes the identification of any major 
regional discordances that may be present. 
(3) The inverted, deformed and eroded nature of 
the basin allows a useful proportion of each deposi-
tional system to be studied in detail at outcrop, but 
creates uncertainties of extrapolation and inter-
polation where units are below or above the present 
erosion level. Projection of data along plunging 
folds resolves some uncertainties. 
(4) Sequence stratigraphical analysis would be 
easier if the excellence of graptolite biostratigraphi-
cal resolution and correlation within the basin and 
slope apron was continued onto the adjoining shelf. 
There, graptolite faunas are generally very sparse, 
whereas the other biostratigraphical tools available 
(brachiopods and acritarchs) provide a compara-
tively coarse resolution, hampering event correla-
tions with the slope and basin. 
Lessons for sequence stratigraphical studies 
Conversely, we suggest that the Welsh Basin study 
highlights a number of general problems in apply-
ing sequence stratigraphical methods to ancient 
sedimentary basins. 
( 1) The interpretation of basinal sequences is 
difficult if they cannot be followed continuously 
into shelf systems with which they are genetically 
linked. 
(2) Uncertainties in interpreting strata! geome-
tries are introduced in basinal systems by the pres-
ence of unfilled sediment accommodation space. 
This is the problem of distinguishing syn-sedi-
mentary growth in space from the passive infilling 
of pre-formed space (e.g. Bertram & Milton 1989). 
(3) There is a particular difficulty with basins 
filled by two or more coeval depositional systems, 
each of which may respond to a different balance of 
genetic controls. This situation arises commonly in 
tectonically controlled turbidite basins, where axial 
supply systems interdigitate with lateral systems. 
(4) The distinction of the axial and lateral tur-
bidite · systems in the Welsh Basin has required 
outcrop-scale palaeoflow data (e.g. Smith 1987; 
Wilson et al. [992; Clayton 1994b). Discrimination 
from their seismic character alone would be im-
possible, particularly in the absence of clear pro-
gradational signatures. 
(5) The position of boundaries between deposi-
tional systems and, by inference, depositional 
sequences is scale-dependent. On the scale of analy-
sis in this paper, they are deceptively sharp (Fig. 2a). 
On an outcrop scale the relationship is more com-
plex. For instance, southerly derived turbidite beds 
can be interbedded with slope-apron mudstones on a 
vertical scale of centimetres to tens of metres and 
over lateral distances of kilometres. Some of the 
implications of this scale-dependence have been 
explored by Cartwright et al. (1993), particularly the 
consequences of thin hemipelagic mudstone units 
being below the limits of seismic resolution. 
Synthesis 
(I) The architecture of the studied transect across 
the Welsh Basin does not fit a simple sequence-
stratigraphical model showing consistent basinward 
and platformward shifts in facies. 
(2) Instead, on the scale of the units mappable in 
the field, there is a tendency for ·sedimentary sys-
tems to aggrade over a template of basement-linked 
faults across which there was syn-sedimentary dis-
placement. 
(3) A major reason for the complexity of the tran-
sect is that the different depositional systems inter-
sected by it are not directly linked to each other in 
terms of source and depositional process (Fig. 2a). 
(4) Late Hirnantian to early Telychian, easterly 
sourced, mudstone-dominated shelf and slope apron 
systems in the Welsh Basin accumulated during a 
period of tectonic quiesence. They display facies 
changes that are in step with the postulated eustatic 
changes in base level. Disconformities and/or 
abrupt facies changes in the shelf succession and 
their correlatable conformities in the basinal slope 
apron can be used to define eustatic depositional 
sequences. Two complete transgressive/regressive 
sequences are recognized: a late Himantian to mid-
Aeronian sequence; and a late Aeronian sequence. 
(5) Evidence for the transgressive base to a third 
eustatic sequence, of early Telychian age, is recog-
nized in the eastern shelf succession, but has no 
expression in coeval slope-apron facies, suggesting 
that the factors influencing deposition in the deep 
water basin were decoupled from those affecting the 
shelf. 
(6) Coarse-grained turbidite and debrite systems 
associated with the slope-apron display changes in 
geometry and facies that are out of step with those 
in the enveloping mudstone succession. These may 
relate instead to extrabasinal events affecting coarse 
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elastic source areas, with efficient shelf by-pass 
supply routes in operation or, as during the Tely-
chian, to intrabasinal fault activity. 
(7) Early Telychian to early Wenlock, southerly 
sourced sandstone lobe systems invaded the basin 
during a period of active tectonism. The entry, 
growth and migration of these systems are inconsis-
tent with contemporary, eustatic base-level changes; 
effects related to the latter were evidently masked 
by those attendant to regional changes in base level. 
Uplift of terrigenoclastic source areas saw dramatic 
increases in the volume and grade of detritus sup-
plied to the basin. This was complemented and 
accommodated by enhanced rates of basinal sub-
sidence, notably in the hanging-wall blocks of 
intrabasinal faults. These sandstone-lobe systems 
constitute the deep water elements of a tectonic sys-
tems tract. 
(8) The fa ilure of both shelf and slope-apron 
successions to record a predicted late Telychian to 
early Wenlock eustatic sequence, combined with 
evidence of enhanced rates of local subsidence, sug-
gest that deposition across the Welsh Basin as a 
whole (deep water, slope and shelf facies) became 
largely divorced from eustatic control at this time. 
Both easterly and southerly sourced systems now 
responded to the effects of regional subsidence and 
increased sediment supply. They can be viewed as 
elements of the same tectonic systems tract and 
components of a single, dual-sourced, early Tely-
chian to mid-Wenlock depositional sequence. 
(9) Thus the late Ashgill, Llandovery and early to 
mid-Wenlock succession of the Welsh Basin 
highlights the difficulties of applying sequence 
stratigraphical techniques to two-dimensional strati-
graphical transects where these intersect systems 
that have different sources, and geometries that 
reflect contrasting extra- and intra-basinal controls. 
It illustrates the potential for separately sourced 
depositional systems, each responding to a different 
balance of absolute and relative base-level changes, 
to coexist within a single basin. Moreover, it 
demonstrates that as base-level movements related 
to regional tectonism displace eustasy as the domi-
nate control on basinal sedimentation, a single 
source system, initiated as part of a eustatic 
sequence in one part of the basin, may evolve into a 
component of a dual-sourced, tectonic sequence 
which extends across the basin as whole. Under 
these circumstances sequence boundaries may 
become cryptic or artificial; simply artifacts of 
correlation and typically beyond the resolution of 
current field-based techniques. 
We acknowledge the input from other members of the 
British Geological Survey Central Wales Project, notably 
C. Fletcher, D. Wilson and J. Zalasiewicz, in erecting the 
sedimentary architecture of the platform to basi.n transect . 
We thank N. White for the use of his subsidence analysis 
program. J.R.D. and R.A.W publish by permission of the 
Director, British Geological Survey (NERC). 
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Sequence stratigraphical analysis of late Ordovician and early 
Silurian depositional systems in the Welsh Basin: a critical 
assessment 
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Abstract: Sequence stratigraphical concepts are applied to a 55 km long transect through the 
uppermost Ordovician and lower Silurian rocks of the Welsh Basin and the adjoining Midland 
Platform. The study focuses on sedimentary rocks deposited during the Llandovery epoch (about 
439-430 Ma). 
An early Llandovery slope apron of hemipelagite and laterally supplied mudstone turbidites 
shows the influence of eustatic sea-level changes. Two complete depositional sequences are 
recognized. Transgressions and highstands on the platform were accompanied by laminated 
hemipelagite deposition in the basin, recording anoxic bottom waters in a stratified watermass. 
The intervening regressions generated unconformities on the platform and produced bioturbated 
basinal sediments in a more oxic environment. 
By contrast, the extent and timing of sandstone-turbidite and debrite systems in the basin are 
strongly affected by tectonic activity. Easterly derived late Llandovery facies relate directly to 
faulting and submarine mass wasting along the basin margin. Southerly derived late Llandovery 
to mid-Wenlock sandstone-lobe systems were the products of tectonic uplift in extrabasinal 
source areas and were partially confined within intrabasinal tilted fault blocks. Subsidence analy-
sis confirms a basinal stretching event in late Llandovery (Telychian) time and shows that it also 
affected the adjacent Midland Platform. The depositional systems of this period constitute ele-
ments of a dual-sourced depositional sequence, within which eustatic effects are masked by the 
strong influence of relative base-level changes attendant to tectonism. 
The architecture of the early Silurian Welsh Basin illustrates the complexities of applying 
sequence stratigraphical models where there is an interleaving of several depositional systems, 
each modulated by a different mix of eustatic, tectonic and input controls. 
This paper results from an attempt to refine a pre-
liminary sequence . stratigraphical analysis of the 
Lower Palaeozoic Welsh Basin (Woodcock 1990) 
using data from new primary mapping by the 
British Geological Survey (Wilson et al. 1992; 
Waters et al. 1993; Davies and Waters 1994; Davies 
et al. in press; British Geological Survey 1993, 
1994 ). In particular, these data constrain a strati-
graphical transect from the basin centre to its 
eastern platform during the time of mqst rapid tur-
bidite infilling in the latest Ordovician to early Sil-
urian. However, the architecture of this transect 
and extrabasinal sediment supply. In such a basin, 
the architecture of any one transect will not fit a 
simple model of base level change, especially if 
much of the accommodation space remains unfi lled 
by sediment. 
1 
does not fit a conventional sequence stratigraphical 
model involving changes in relative sea level. This 
paper examines the reasons for this mismatch. 
The main depositional systems of the latest 
Ordovician to early Silurian basin are described, 
emphasizing the importance of both lateral and 
axial sediment supply paths. The genetic factors 
controlling the strata! geometry are diagnosed and it 
1s_ argued that each system was influenced by a 
different balance of eustasy, intrabasinal tectonics 
Geological setting 
For most of early Palaeozoic time, the Welsh Basin 
was an area of enhanced subsidence and sediment 
accumulation with respect to the Midland Platform 
further to the southeast and the Irish Sea Platform to 
its northwest (Fig. 1 inset). The basin lay on thinned 
continental crust of the Eastern Avalonia micro-
continent. Its fill is dominated by tmbidite sand-
stones and mudstones with important volcanic 
intercalations, mainly within mid-Ordovician 
sequences. These volcanic rocks record intra-arc 
and then back-arc extension above a subducting 
lithospheric slab of the Iapetus Ocean, which · 
separated Eastern Avalonia from the Laurentian 
continent to the north (e.g. Kokelaar et al. 1984). 
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